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Abstrac t  
Gravity and seismic r e f r a c t i o n  s tud ies  were undertaken i n  order  
t o  i n v e s t i g a t e  t h e  geological  s t r u c t u r e  of the  Centra l  Volcanic Region. 
A d e t a i l e d  ana lys i s  of dens i ty  determinations from bore-hole rock 
samples, t h r e e  seismic r e f r a c t i o n  surveys and a s p e c t r a l  ana lys i s  of 
the  magnetic anomaly f i e l d  a r e  described.  
I n t e r p r e t a t i o n  of t h e  observed gravi ty  anomaly f i e l d  f o r  the  
Central  Volcanic Region i s  i n i t i a l l y  undertaken by a n a l y t i c a l l y  
separa t ing  t h e  observed anomaly f i e l d  i n t o  i t s  regional  and res idua l  
components; t h e  almost e n t i r e l y  negative r e s idua l  anomaly f i e l d  i s  
then i n t e r p r e t e d  i n  terms of varying thicknesses of near-surface, 
low-density volcanic rocks. A t  Mangakino and j u s t  west of  Taupo, 
however, it i s  found t h a t  the  ca lcu la ted  gravi ty  anomaly e f f e c t  of the  
se ismical ly  determined thickness of low-velocity, and hence low-density, 
volcanic rocks is l e s s  negative than t h e  observed r e s i d u a l s ;  a t  both 
loca t ions  "secondary res idua l s"  of  about -200 yN/kg remain unexplained. 
Models a r e  presented t h a t  account f o r  these  secondary res idua l s  a s  
being due t o  d i s c r e t e  volumes of low-density molten r h y o l i t e  emplaced 
wi th in  t h e  seismic basement. 
The second method of g rav i ty  i n t e r p r e t a t i o n  used i n  t h i s  study 
involves modelling a l l  components of the  observed g rav i ty  anomaly f i e l d .  
This necess i t a t ed  giving considera t ion  t o  both t h e  g rav i ty  e f f e c t  of  
the  subducted P a c i f i c  p l a t e  and t o  seismic da ta  bear ing  upon the  
v a r i a t i o n  of c r u s t a l  thickness and mantle dens i ty  throughout t h e  c e n t r a l  
North I s l and .  A g rav i ty  model f o r  t h e  c e n t r a l  North I s l a n d  is  developed 
f o r  which t h e  important f ea tu res  a r e  : 
i) The c rus t  of the Central Volcanic Region is  deduced t o  be 
only about half  the normal continental thickness, and underlying the 
c rus t  i s  an "anomalous", low-density upper mantle. This finding from 
the gravity model is  supported by the r e su l t s  of a previous study of 
upper mantle seismic ve loc i t ies  and from the in te rpre ta t ion  of a long- 
range seismic refract ion survey carried ou t  within the  Region. These 
seismic data indicate  the depth to ,  and the veloci ty  of the upper mantle 
beneath the Region t o  be 15 km and 7.4 km/s respectively. 
ii) The posi t ive  gravity anomalies t h a t  predominate over the 
western and northwestern North Island can largely be explained by 
gravity edge-effects associated with variations i n  the c rus ta l  thickness 
and mantle density within the back-arc areas of the  North Island. 
The gravity model i s  interpreted as lending support fo r  a 
previously made proposal t h a t  the  Region i s  the s i t e  of asymmetric 
back-arc spreading, and t h a t  the c rus ta l  rocks now being created a re  
t rans i t iona l  i n  character between typical  oceanic and typical  continental. 
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CHAPTER 1 INTRODUCTION 
The North Is land of  New Zealand l i e s  i n  one of the  zones of 
g r e a t  geophysical and geological  a c t i v i t y  which have var ious ly  been 
described a s  orogenic zones, mobile b e l t s ,  i s l and  a r c s  o r  a c t i v e  
con t inen ta l  margins. I n  terms of p l a t e  t ec ton ics  New Zealand s t r add les  
t h e  Indian-Pacif ic  boundary i n  t h e  manner depicted by f i g .  1.1. The 
sh i f t -po le  p o s i t i o n  and r o t a t i o n  d i r e c t i o n  f o r  t h i s  p l a t e  boundary i s  
deduced by Chase (1978) t o  show dextral-convergent motion i n  the  New Zealand 
region. I n  t h e  v i c i n i t y  of t h e  North Is land t h e  P a c i f i c  p l a t e  i s  subducting 
beneath t h e  Indian  p l a t e  forming a northwestward dipping Benioff zone, 
and subduction terminates a t  a l a t i t u d e  of about 41's ( see  f i g .  1 . 2 ) .  
A convergent boundary where subduction occurs has been termed 
an asymmetric a c t i v e  region (Evison, 1968) because geophysical f e a t u r e s ,  
including t h e  l e v e l  of the  s o l i d  su r face ,  d isplay  an asymmetry t h a t  
con t ras t s  with the  symmetry of oceanic r i s e s .  The s i d e  of t h e  
subduction zone where the  s o l i d  surface  i s  high-standing is  charac ter ised  
by regions of volcanism and high heat-flow, and o f t e n  by extensional  
t ec ton ics ;  regions where extension occurs have var ious ly  been described 
a s  marginal bas ins ,  in t e r -a rc  bas ins  (Karig, 1971) o r  back-arc bas ins  
(Uyeda, 1977). The term back-arc bas in  w i l l  be used here.  Back-arc 
bas ins  t h a t  form a t  cont inenta l  margins have been c a l l e d  e n s i a l i c  
back-arc ( o r  in te r -a rc )  bas ins  (Scholz e t  aZ., 1971; Hovarth e t  aZ.,  1975; 
Tarney & Windley, 1981). E n s i a l i c  back-arc bas ins  show a wide range 
of forms and fea tu res  from simple extens ional  f a u l t i n g ,  t o  ruptur ing  of 
t h e  con t inen ta l  Lithosphere and separa t ion  of t h e  volcanic a r c  from t h e  
s t a b l e  con t inen ta l  region by a bas in  beneath which t h e  c r u s t  is  oceanic 
i n  type. 
Fig.  1.1 A mercator p ro jec t ion  of t h e  New Zealand region showing t h e  v e l o c i t y  
of the  p a c i f i c  p l a t e ,  i n  mm per  year ,  r e l a t i v e  t o  the  1ndian p l a t e  
a s  in fe r red  by Chase (1978) . Bathymetry a f t e r  Lawrence (1967) and 
t h e  Central  Volcanic Region i s  shown by t h e  s t i p l e d  pa t t e rn .  
Hauraki R i f t  
Fig. 1.2 Map of t h e  North Is land showing t h e  isobaths (dot ted  l i n e s )  of 
deep seismic a c t i v i t y  ( a f t e r  Adams & Ware, 1977) and sorr,e of t h e  
t ec ton ic  u n i t s  of the  North I s l and .  Note t h a t  t h e  Taupo Volcanic 
Zone (TVZ) forms t h e  eas te rn  h a l f  of t h e  wedge-shaped Centra l  
Volcanic Zone (CVR) .  Low-potash andesi te  volcanoes t h a t  have 
been a c t i v e  i n  t h e  l a s t  10,000 years a r e  shown by s t a r s .  The 
s i n g l e  open s t a r  represents  t h e  high-potash andes i t e  volcano of 
M t  Egrnont . 
Seismic evidence presented by Thompson & ~ v i s o n  (1962) and 
Garrick (1968) point  t o  t he  overa l l  c ru s t a l  s t ruc ture  of the North 
Is land as  being continental  i n  character .  However, analogies of the  
geological features  t h a t  a r e  developed within oceanic is land a r c  systems 
can a l so  be found i n  the  North Island.  Fig. 1 -3  shows a generalised 
model of the  pr incipal  s t r u c t u r a l  elements typ ica l ly  found within i s land  
a rc  systems of the  western Pac i f ic  ( a f t e r  Karig, 1974) and how various 
features  of t h i s  model can be  re la ted  t o  geological s t ructures  of the 
North Island.  
Karig (1970) placed what he termed the  Taupo Volcanic Zone of 
the  North Island i n to  i ts  plate-tectonic context when he noted t h a t  t he  
Zone i s  an apparent continuation of t h e  Havre trough - the  back-arc 
bas in  of the  Tonga-Kermadec trench-arc system. The area t h a t  Karig 
c a l l s  t h e  Taupo Volcanic Zone closely resembles t he  area referred t o  
i n  t h i s  t he s i s  a s  t h e  Central  Volcanic Region; the  d i s t inc t ion  i n  
terminology i s  an important one and w i l l  be explained shor t ly .  On t h e  
b a s i s  of the  Central Volcanic Region and other  examples, Karig & 
Jensky (1972) have postulated a general progression, with increasing 
amounts of extension, from volcano-tectonic r i f t  zones, which they 
a l so  describe a s  t he  e a r l i e s t  phase of extension i n  a trench-arc 
system, t o  back-arc basins with oceanic c rus t .  I n  t h i s  progression 
they c l a s s  t he  Central Volcanic Region as  a volcano-tectonic r i f t  zone. 
The location of what w i l l  be referred t o  i n  t h i s  thes i s  as  t he  
Taupo Volcanic Zone is  shown i n  f i g .  1.3. Pas t  geophysical and 
geological s tudies  of t he  volcanic areas of the  North Island have tended 
t o  concentrate on t h e  Taupo Volcanic Zone, f o r  it is here t h a t  the  
economically important and visual ly  impressive geothermal a c t i v i t y  i s  
found. Large volumes of r h y o l i t i c  rocks have been erupted from the  
Fig. 1.3 Diagram showing some of t h e  a s soc ia t ions  made by Cole & Lewis 
(1981) between various geologica l  s t r u c t u r e s  of  t h e  North 
I s l and  and t h e  general ised s t r u c t u r a l  model of a western P a c i f i c  
i s l a n d  a r c  system a s  given by Kariq (1974). Upright t r i a n g l e s  
represent  low-potash andes i t e  volcanoes t h a t  have been a c t i v e  
wi th in  t h e  l a s t  10,000 years .  Note t h e  apparent cont inuat ion  
of  t h e  Eavre trough with t h e  Cen t ra l  Volcanic ~ e g i o n  a s  remarked 
upon by Karig (1970) . 
6 
Zone i n  t h e  l a s t  mi l l ion  years (Healy, 1962; Cole, 1979) and t h e  
average hea t  flow i n  t h e  Zone i s  calcula ted  by Studt  & Thompson,(1969) 1, 
t o  be  0.83 w/m2; a value some 14 times higher than t h e  cont inenta l  
average of 0.06 w/m2. Recent analyses of repeated geodetic surveys 
show high s t r a i n  r a t e s  ( ~ a l c o t t ,  1978) and what has been in te rp re ted  
by Sissons (1980) t o  be back-arc spreading. The Taupo Volcanic Zone 
forms p a r t  o f  a much l a r g e r  a rea  o f  Quaternary volcanism i n  t h e  North l 
l 
I s l and  - t h e  Central Volcanic Region. Thompson (1964) f i r s t  used the I 
term Centra l  Volcanic Region when describing an expanse of some 
26 000 km2 t h a t  l i e s  between t h e  southward converging Mesozoic greywacke 
ranges of the  North Is land and i s  covered by ignimbrite  sheets  and other  
rocks of a r h y o l i t i c  or  a n d e s i t i c  composition. The present  usage of 
t h e  term Centra l  Volcanic Region, shown i n  f i g .  1 .3 ,  i s  s l i g h t l y  d i f f e r e n t  
from t h a t  used by Thompson, and r e f l e c t s  the  s t r u c t u r a l  concepts t h a t  
w i l l  be  developed from t h e  g rav i ty  and seismic s tud ies  of t h i s  t h e s i s .  
Although the re  i s  both geophysical and geological  (Lensen, 1977) 
evidence t o  suggest t h a t  t h e  Taupo Volcanic Zone i s  an a r e a  of tension,  
how much extension o r  spreading has occurred i s  d i f f i c u l t  t o  e s tab l i sh .  
Typical oceanic spreading cen t res  a r e  character ised  by t h e  following 
fea tu res :  ocean r idge  topography; high hea t  flow; l i n e a r ,  
symmetrically arranged magnetic anomalies; and transform f a u l t s .  On 
land,  however, the  i d e n t i f i c a t i o n  of  spreading cen t res  i s  rendered 
d i f f i c u l t  by a th ick  sedimentary o r  volcanic cover and magnetic 
anomalies which a r e  d i f f u s e  and of  low amplitude (Elders ei? a l . ,  1972; 
Lawver & Hawkins, 1978). Hence t h e  pa t t e rns  of l i n e a r  magnetic 
anomalies t h a t  charac te r i se  t h e  ocean f l o o r  a r e  no t  p resen t  and o the r  
l i n e s  of  evidence must be  used t o  i d e n t i f y  spreading centres .  Among 
these  might be  hea t  flow and g rav i ty  anomalies. 
Large dipolar  f ree -a i r  and i s o s t a t i c  gravi ty  anomalies a r e  
developed across subduction zones. These anomalies have been ascribed 
by Hatherton (1969a) , Grow (1973) and others  t o  mass anomalies 
d i r ec t l y  associated with subducted p la tes ,  and theore t ica l  models 
(Minear & ~oksb'z,  1970) indeed predic t  t h a t  a subducted p la te  w i l l  be 
colder and therefore  more dense than the  surrounding asthenosphere 
a t  depths greater  than about 80 km. On the  o ther  hand, Watts & 
Talwani (1974, 1975) have proposed t h a t  the  pos i t ive  component of the  
gravi ty  anomaly p a i r  observed across subduction zones may, i n  regions 
of extension, be due not so  much t o  the  excess mass of the  subducted 
p l a t e  but  t o  gravi ty  anomaly e f fec t s  associated with extension. The 
North Island of New Zealand presents a favourable locat ion t o  examine 
t h i s  question f o r  t he  following reason. Because the  southern l i m i t  of 
t he  Central Volcanic Region occurs within t he  middle of the  North Is land 
ye t  the  subducted Pac i f i c  p l a t e  is inferred,  from seismic evidence, 
t o  be present f o r  a fu r ther  350 km t o  t he  southwest ( f i g .  1 . 2 ) ,  it 
should be possible t o  separate from the  g rav i ty  anomaly map of the  
North Island those e f f ec t s  a r i s i ng  from t h e  subducted p l a t e  and those 
associated with extension i n  the  back-arc regions of the  cen t ra l  
North Island. 
This t he s i s  describes seismic re f rac t ion  and gravity i n t e rp re t a t i on  
work carr ied out  i n  the  Central  Volcanic Region. The pr incipal  aims of 
t he  study a re :  
i) To determine from seismic re f rac t ion  surveys and analyses of 
bore-hole dens i t i es  the  thickness, seismic velocity and density 
s t ruc ture  of the  supe r f i c i a l  volcanic rocks a t  various l o c a l i t i e s  
within the  Central Volcanic Region. 
ii) To present a gravity in te rpre ta t ion  model fo r  the Central 
Volcanic Region which accounts fo r  a l l  components of the  gravity anomaly 
f i e l d ,  and i s  consis tent  with current geological concepts. 
iii) To iden t i fy  t he  western boundary of t he  Central Volcanic 
Region and r e l a t e  i t s  posit ion t o  the tectonic  evolution of t he  North 
Island since l a t e  Ter t iary  times. 
CHAPTER 2 PEVIOUS GEOPHYSICAL STLI'DIES OF THE NORTH ISLAND 
WITH SPECIAL REFERENCE TO THE CENTRAL VOLCANIC &EGION 
I n  t h i s  chapter  a summary is  presented of previous geophysical 
observations and i n t e r p r e t a t i o n s  r e l evan t  t o  the  work undertaken i n  
t h i s  t h e s i s .  The f i r s t  sec t ion  concentrates on regional  aspects  of 
North I s l and  geophysics; t h e  second deals  more s p e c i f i c a l l y  with 
geophysical aspects  of the  Central  Volcanic Region. 
2.1 North Is land Geophysics 
2.1.1 Seismic s tud ies  of  the  North Is land 
Seismological top ics  r e l evan t  t o  t h i s  study a r e  t h e  p a t t e r n  of 
earthquake hypocentres and seismic v e l o c i t y  and a t t enua t ion  p roper t i e s  
of t h e  upper mantle. The r e s u l t s  a r e  summarised a s  follows: 
1) Seismici ty pa t t e rn :  Crus ta l  se i smic i ty  is  manifest  i n  a 
200-300 km wide band passing through a l a r g e  p a r t  of  t h e  North Is land 
and t h e  northern end of  t h e  South Is land;  t h i s  i s  the  Main Seismic 
Region described by Eiby (19711 . Earthquakes deeper than 100 km a r e  
represented by the  i sobaths  shown i n  f i g .  1 . 2 .  
2) Seismic p roper t i e s  of t h e  upper mantle: From a study of 
the  transmission of high-frequency seismic waves beneath the  North I s l and  
Mooney (1970) found two d i s t i n c t  regions - a high-frequency t ransmit t ing  
region and an a t t enua t ing  region - a s  shown i n  f i g .  2.1. The i n t e r p r e t a t i o n  
offered  by Mooney i s  t h a t  the re  i s  a 50 km th ick  t a b u l a r  a t t enua t ing  
region cent red  a t  a depth of 100 km beneath the  western North Is land.  
He adds, however, t h a t  t h e  da ta  could a l t e r n a t i v e l y  be reconciled with 
a dipping a t t enua t ing  zone p a r a l l e l  t o  and above the  Benioff Zone. 
~ e i s m c g r a p h  S t n .  
Fig. 2 .l Regions of t h e  upper mantle beneath t h e  North Is land with at tenuating 
and transmitt ing propert ies ( a f t e r  Mooney, 1970). Also shown i s  t he  
region found by Haines (1979) where anomalously low ve loc i t i e s  of 
pn and Sn a r e  found- 
Haines 0979) r e p o r t s  upper mantle compressional and shear wave 
v e l o c i t i e s  (Pn and Sn v e l o c i t i e s  respect ive ly)  ca lcu la ted  from i n t e r v a l  
v e l o c i t i e s  of earthquake waves t r a v e l l i n g  beneath var ious  s t a t i o n s  of 
t h e  New Zealand Seismograph Network. Anomalously low v e l o c i t i e s  of 
Pn (7.4 km/s) and Sn (3.95 km/s) were found t o  correspond t o  a region 
which includes most of  t h e  Central  Volcanic Region ( f ig .  2.1).  Moreoever, 
Haines noted t h a t  Sn phases from earthquakes located  beneath the Eas t  
Coast d id  no t  appear on records a t  s t a t l o n s  t o  the  west and northwest 
of  the  Central  Volcanic Region. Haines r e l a t e d  these  anomalous seismic 
p roper t i e s  of the  upper mantle t o  poss ib le  va r i a t ions  i n  petrology o r  
temperature. 
2.1.2 Regional gravi ty  anomalies- 
The Bouguer and i s o s t a t i c  g rav i ty  anomalies of  the  c e n t r a l  
North I s l and  a r e  shown i n  f igs.2.2 and 2.3 respect ive ly .  The i s o s t a t i c  
anomalies a r e  ca lcula ted  on t h e  b a s i s  of an Airy-Heiskanen e a r t h  model 
with a c r u s t a l  thickness of 30 km and a dens i ty  of  compensation equal 
t o  -0.6 ~ g / m ~  (Reil ly e t  al., 1977). Dominating both maps i s  the  
in tense  band of  negative anomalies, named the  Rangitikei-Waiapu anomaly 
by Robertson & Rei l ly  (1958), t h a t  coincide,  i n  p a r t ,  wi th  th ick  deposi ts  
o f  low dens i ty  Tertiary-Quaternary sedlments. P o s i t i v e  Bouguer and 
i s o s t a t i c  g rav i ty  anomalies of  500 and 650 pN/kg, r e spec t ive ly ,  occur 
on t h e  western s i d e  of t h e  North Is land.  These p o s i t i v e  anomalies w i l l  
be  r e f e r r e d  t o  a s  t h e  North I s l a n d  back-arc g rav i ty  high, 
While the  Bouguer and i s o s t a t i c  gravi ty  anomalies show many 
s i m i l a r i t i e s  t h e  i s o s t a t i c  anomaly map brings t h e  p r i n c i p a l  gravi ty  
anomalies of t h e  North I s l and  i n t o  sharper focus. Moreover, severa l  
Fig.  2.2 Bouguer gravi ty  anomalies of the  c e n t r a l  North 
I s l a n d  as  would be observed a t  1 km above sea l e v e l  ( a f t e r  
R e i l l y  e t  al. 1977) . 
Fig.  2.3 Airy-Heiskanen (T=30 km, dens i ty  of compensation 
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= -0.6 Mg/m 1 i s o s t a t i c  g r a v i t y  of  the  c e n t r a l  North I s l a n d  
a s  would be observed a t  1 km above sea  l e v e l  ( a f t e r  
R e i l l y  e t  al. 1977).  
geological  and geophysical boundaries of the  North I s l and  a r e  highlighted 
by the i s o s t a t i c  anomalies. For example, boundaries of t h e  Central  
Volcanic Region receive  emphasis from t h e  i s o s t a t i c  anomalies and the  
path of  t h e  zero i s o s t a t i c  anomaly contour shows a c lose  correspondence 
with t h e  a t tenuat ing- t ransmit t ing  boundary shown i n  f i g .  2.1. 
I t  was noted by Re i l ly  (1978) t h a t  there  is a lack of co r re la t ion  
of  individual  i s o s t a t i c  anomalies with s t a t i o n  he igh t  f o r  New Zealand 
a s  a  whole: he i n t e r p r e t s  this t o  mean t h a t  i s o s t a t i c  compensation of 
New Zealand topography i s  achieved i n  a  manner n o t  d i f f e r i n g  too  g rea t ly  
from t h a t  assumed by t h e  Airy hypothesis .  An a l t e r n a t i v e  i n t e r p r e t a t i o n  
of  t h i s  l ack  of co r re la t ion  i s  t h a t  t h e  gravi ty  e f f e c t  of t h e  compensation 
mechanism f o r  New Zealand topography i s  n o t  markedly d i f f e r e n t  from the  
g rav i ty  e f f e c t  of t h e  compensating masses predic ted  by the  Airy model of 
l o c a l  i s o s t a t i c  compensation. This  d i s t i n c t i o n  i s  important f o r , a s  
J e f f r e y s  (1976, p.2341 po in t s  ou t ,  t he  gravi ty  e f f e c t  of a  l o c a l  
compensation mechanism a t  one depth can always be reproduced by t h e  
g rav i ty  e f f e c t  of a  more regional  form of compensation a t  a  shallower 
depth. 
I n  any event,  whichever form t h e  t r u e  compensation mechanism i s  
f o r  New Zealand topography, t h e  d5iqui tous  g rav i ty  g rad ien t  associa ted  
with a transition from oceanic t o  con t inen ta l  c r u s t  has l a r g e l y  been 
el iminated by the  i s o s t a t i c  co r rec t ion  and i s o s t a t i c  anomalies can p lay  
a use fu l  r o l e  f o r  g rav i ty  i n t e r p r e t a t i o n s  made wi th in  New Zealand 
(e.g. Hatherton, 1966). 
I n  examining t h e  r e l a t i o n s h i p  between i s o s t a t i c  g rav i ty  anomalies 
and se i smic i ty  Hatherton (1969al pointed t o  t h e  c lose  a s soc ia t ion  t h a t  
e x i s t s  a t  a  number of a c t i v e  margins between an asymmetric p a i r  of p o s i t i v e  
and negative anomalies, on the  one hand, and the  Benioff zone, on the  o ther ,  
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Fig. 2.4. Two possible  models proposed by Hatherton (1970) t o  
explain t he  i s o s t a t i c  gravi ty  anomalies (along A-A' 
of f i g .  2.3) of the  cen t ra l  North Is land i n  t e r m  of 
t he  subducted Pacif ic  p la te .  
despi te  wide v a r i a t i o n s  i n  t h e  r e l a t i v e  pos i t ion  and form of t h e  
associated oceanic t rench.  Two models were proposed by Hatherton (1970) 
( f i g .  2.4) t h a t  s a t i s f a c t o r i l y  explained a  SE - NW i s o s t a t i c  g rav i ty  
anomaly p r o f i l e  along A-A' i n  f i g .  2.3. I n  model A the  t r a n s i t i o n  of 
negative t o  p o s i t i v e  dens i ty  c o n t r a s t  occurs a t  around 80 km - t h e  depth 
a t  which a n d e s i t i c  volcanism i s  thought t o  be f i r s t  generated 
(Dickinson & Hatherton, 1967). Model B,  on the  o ther  hand, incorporates 
c r u s t a l  downwarping and therefore  goes some way towards accounting f o r  
the  sedimentary bas ins  t h a t  a r e  more o r  l e s s  coincident  with t h e  
Rangitikei-Waiapu negative gravi ty  anomaly. 
While Hatherton's  s tud ies  h i g h l i g h t  with impressive s impl ic i ty  
the  a s soc ia t ion  of g rav i ty  and se i smic i ty  a t  asymmetric a c t i v e  regions ,  
a  c lose r  examination of the  North I s l a n d  associa t ion  revea l s  a  d i f f i c u l t y .  
While subduction of t h e  Pac i f i c  p l a t e  i s  occurring a s  f a r  south a s  
l a t i t u d e  41°S, the  p o s i t i v e  component of  the  asymmetric g rav i ty  p a i r ,  
which according t o  the  models of f i g .  2.4 has i t s  source wi th in  t h e  
subducted p l a t e ,  can only be i d e n t i f i e d  northwest of M t  Ruapehu ( f i g  2.3).  
Unexplained by Hatherton's  models i s  an in tense  north-south g rav i ty  
gradient  i n  t h e  region between M t  Egmont and M t  Ruapehu. This i s  a  
major f ea tu re  of t h e  gravi ty  anomaly map and renders any two-dimensional 
treatment of  t h e  whole North I s l and  g r a v i t y  anomaly map inappropr ia te .  
2.1.3 Crus ta l  S t ruc tu re  
Knowledge of c r u s t a l  s t r u c t u r e  f o r  t h e  North Is land i s  incomplete. 
From the  r e s u l t s  of an unreversed c r u s t a l  r e f r a c t i o n  p r o f i l e  near  Wellington, 
Eiby (1957) concluded t h a t  the  c r u s t  had a  thickness of about 18  km,but 
has s ince  CEiby, 1968) accepted a s  d e f i n e t i v e  a  r e i n t e r p r e t a t i o n  o f  the  
o r i g i n a l  d a t a  by GarrTck (19681 giving a t o t a l  c r u s t a l  thickness of 36 km. 
From a study of d i spe r s ive  earthquake waves, Thompson & Evison (1962) 
propose a typ ica l  cont inenta l  thickness of c r u s t  between 30-40 km over 
much of New Zealand. A s i m i l a r  r e s u l t  was found by ~ e i l l y  (1962) when 
he appl ied  t o  New Zealand cor re la t ions ,  made f o r  o the r  cont inenta l  a reas ,  
between Bouquer g rav i ty  anomalies and se ismical ly  determined c r u s t a l  
thickness.  While these  methods provide an average c r u s t a l  thickness f o r  
New Zealand the re  may be s u b s t a n t i a l  va r i a t ions  from t h i s  average value. 
This i s  p a r t i c u l a r l y  so  f o r  t h e  North Is land where i n  some places  the  
g rav i ty  anomalies and t h e  ve loc i ty  of  Pn show l a r g e  v a r i a t i o n s  within 
d i s t ances  of  200 km o r  so. 
During t h e  1960's  in tens ive  long-range seismic r e f r a c t i o n  work, 
p a r t i c u l a r l y  i n  North America, showed t h a t  t h e  v e l o c i t y  of  Pn i n  cont inenta l  
a reas  may be cor re la t ed  t o  c r u s t a l  thickness.  For example, Woollard (1970) 
from about 100 observations made i n  North America, found a systematic 
r e l a t i o n s h i p  between Pn v e l o c i t y  and depth t o  t h e  mantle ( f i g .  2.5) .  Of 
d i r e c t  relevance t o  t h i s  s tudy of t h e  Central  Volcanic Region a r e  the  
semismic i n t e r p r e t a t i o n s  of  t h e  t e c t o n i c a l l y  a c t i v e  Basin & Range Province 
of  t h e  Western United S t a t e s .  Here t h e  Fn v e l o c i t i e s  a r e  low 
(7.6-7.8 km/s) and the  c r u s t  2s found t o  be about h a l f  t h e  thickness 
t h a t  would be predic ted  by Airy i s o s t a s y  f o r  the  average 2 km e levat ion  
of  t h e  Province. This has been genera l ly  i n t e r p r e t e d  (e.g. Pakiser ,  1963; 
Thompson & Burke, 1974) t o  imply t h a t  t h e  low v e l o c i t y  of Pn i s  i n d i c a t i v e  
of a  low-density mantle which provides i s o s t a t i c  support  f o r  the  anomalously 
t h i n  c r u s t .  I f  the  r e l a t i o n s h i p  of  f i g .  2.5 i s  appl ied  t o  New Zealand the  
Pn ve loc i ty  of 7.4 km/s f o r  t h e  Central  Volcanic Region would imply a 
c r u s t a l  thickness of about 16 km. 
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Fig. 2 -6 Hatherton's (1969b) map- showing t h e  d i s t r i b u t i o n  of 
andes i tes  wi th in  t h e  North Is land.  The W-SE trending 
a rcs  a r e  predominantly Ter t i a ry  i n  age whereas The 
Active Volcanic Front  i s  Recent. 
The idea of a C i s t i n c t  "crus t"  and "mantle" may be inappropriate 
i n  a region where r i f t i n g  and spreading i s  occurring. Regions of the  
world where Pn v e l o c i t i e s  of 7.1 t o  7.5 km/s occur a r e  o f t e n  associated 
wi th  magmatic a c t i v i t y ,  high h e a t  flow and extension. Three such 
examples a r e  t h e  Mid-Atlantic Ridge (Talwani e t  al., 19651, the  Eas t  
African R i f t s  (Fairhead, 1976) and Iceland (Bott ,  1965).  The term 
"crust-mantle mix" has been appl ied  by Cook (1962) t o  regions  where 
these  low Pn v e l o c i t i e s  a r e  observed, implying t h a t  some intermingling 
of c r u s t  and mantle ma te r i a l  i s  t ak ing  place. However, Talwani e t  al., 
i n  t h e i r  in t eg ra ted  geophysical s tudy of the  Mid-Atlantic Ridge, 
considered t h e  term crust-mantle m i x  t o  be unsuitable a s  t h e i r  gravi ty  
models required the  7.3 km/s l a y e r  t o  be, i n  some p laces ,  placed above 
and below normal mantle ma te r i a l  wi th  a ve loci ty  of 8 .1  km/s. They 
regarded t h e  7 . 3  km/s ma te r i a l  a s  normal mantle which had been subjected 
t o  a phase change and accordingly term it "anomalous mantle". Whatever 
the  cause of these  low Pn v e l o c i t i e s  it i s  poss ib le  t h a t  where they 
occur the  boundary between c r u s t  and mantle w i l l  be gradat ional  r a t h e r  
than sharp and d i sc re te .  For ins tance ,  Haines (1979) noted t h a t  many 
c r u s t a l  earthquakes t h a t  a r e  loca ted  beneath the  c e n t r a l  North Is land 
f a i l e d  t o  generate Pn o r  Sn phases suggesting, the re fo re ,  t h a t  the re  may 
not  be c l e a r  boundary between t h e  c r u s t  and mantle. 
2.1.4 North I s l and  Volcanism 
Andesi t ic  volcanism commonly associa ted  with asymmetric a c t i v e  
regions i s  we l l  developed i n  t h e  North Is land.  The d i s t r i b u t i o n  of 
ca lc-a lkal ine  andes i tes  with r e s p e c t  t o  t h e  major t e c t o n i c  f ea tu res  
of the  North I s l and  i's shown i n  f i g .  2.6. Dickinson and Hatherton U967) 
have found t h a t  t h e  percentage of potash i n  andes i tes ,correc ted  f o r  
s i l i c a  content ,corre la tes  with t h e  depth of t h e  Benioff zone under t h e  
volcano. Fig. 1 .2  d e p i c t s  t h e  present ly  a c t i v e  volcanoes of low-potash 
a f f i n i t y  s t r add l ing  t h e  100 km isobath of seismic a c t i v i t y ,  y e t  low- 
potash volcanoes of an o l d e r  age a r e  shown i n  f i g .  2.6 t o  e x i s t  
80 t o  400 km northwest of t h e  volcanic f r o n t .  Whereas t h e  p resen t ly  
a c t i v e  volcanoes f a l l  on a N.E. l i n e  the  o l d e r  low-potash volcanoes 
of the  Coromandel and Northland Regions t r end  N.W.. Such a d i s p a r i t y  
i n  age, pos i t ion  and t r end  between andes i tes  of s imi la r  chemistr ies  
prompted Hatherton (1969b) t o  suggest t h a t  t h e  source zone of t h e  
low-potash andes i t e s  extended under Northland and Waikato i n  Ter t i a ry  
t i m e s  and has r o t a t e d  i n  a clockwise manner s i n c e  ( f i g .  2.6).  
Subsequent a v a i l a b i l i t y  of K-Ar ages of  andes i tes  l e d  Calhaem (1973) 
t o  propose a q u a n t i t a t i v e  scheme f o r  t h e  migra t ion  of volcanic a c t i v i t y  
across  the  North I s l and  with time. The proposed scheme i s  shown i n  
f i g .  2.7 .  A 2O/~y clockwise r o t a t i o n  of the  andes i te  a x i s  through t h e  
North Is land i s  pos tu la ted  during t h e  period 16-4 My B.P. and a 6' pe r  
My r o t a t i o n  r a t e  t h e r e a f t e r .  The 4 My a x i s  coincides d t h  a marked 
change i n  geology. West of the  4 My boundary surface  geology c o n s i s t s  
predominantly of Mesozoic sediments in te r spe r sed  with Tertiary-Quaternary 
volcanics;  t h e  volcanics  a r e  mostly andes i t e s  and basa l t s .  I n  c o n t r a s t ,  
su r face  geology between t h e  4 and 0 My axes c o n s i s t s  almost e n t i r e l y  
of products derived from Suaternary r h y o l i t e  volcanism wi th  a s o l e  
outcrop of Mesozoic greywacke exposed near  Otamarakau. Accordingly, 
Calhaem proposed t h a t  t h e  4 My boundary rep resen t s  a change i n  s t y l e  
of c r u s t a l  extension. Volcan3c i n t r u s l o n  i n t o  an e x i s t i n g  l i thosphere  
i s  pos tu la ted  p r i o r  t o  4 My and extension by a c t i v e  spreading and t h e  
20 
PROPOSED MIGRATION OF P L A T E  BOUbiDARY 
Fig. 2.7 Andesite ages ( i n  My) and the  proposed migration of the  p l a t e  
boundary as  suggested by Calhaem (1973). The so l i d  l i n e s  
represent the  proposed posi t ions  of t he  andesite axes 
( i n  My BP)  and t r i ang l e s  represent subsequent andesi te  age 
determinations presented by Midha (1979) . 
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creation of a new lithosphere from 4 My to the present day. Under 
this proposal the Otamarakau greywacke outcrop is viewed not to be 
part of a continuous greywacke basement beneath the volcanic region, 
but the surface expression of an isolated block, possibly allochthonous. 
In terms of plate tectonics Calhaem considers the eastern 
boundary of the Taupo Volcanic Zone to represent an accreting margin 
of the Indian plate,and the region between this boundary and the 
Hikurangi trench to be part of a separate minor plate. Since Calhaem's 
proposal both Ballance U9761 and Eiby (19771 have advanced support 
for the existence of such a minor plate with Ballance terming it the 
Hawkes Bay Microplate. However, the southern and northern boundaries 
of the minor plate cannot unequivocally be ?dentifled and it is here 
considered to be a plate in the maklng,and accordingly will be referred 
to as the Hawkes Bay proto-plate. 
More recent andesite age determinations supplied by 
Adams e t  aZ. (1974), Adams (1975) and Ballance (1976) are presented 
by Midha (1979) (see fig. 2.6). These data show that andesite ages 
from the Coromandel area vary from about 3 to 16 My whereas the data 
available when Calhaem made hls proposal showed the oldest andesite 
on the Coromandel Peninsula to be only 7 My . Adams e t  aZ. (19741 
suggest that the 16 My B.P. determinations, which correspond to andesites 
that are the least hydrothermally altered, represent the eruption age 
while younger ages represent subsequent hydrothermal events. Thus prior 
to 4 My the andesite migration history may have been somewhat different 
to what Calhaem initially envisaged. Nevertheless, the data of 
Adams e t  aZ. (1974) do not invalidate that part of Calhaem's proposal 
that is of interest to this study; namely that there has been an 
apparent,  rapid  migrat ion and r o t a t i o n  of the  andes i te  a x i s  i n  t h e  
l a s t  4-5 MY from a p o s i t i o n  adjacent  t o  t h e  Coromandel Peninsula t o  
i t s  present  p o s i t i o n  today. 
Although Calhaem's proposal was the  f i r s t  quan t i t a t ive  one f o r  
the  development of  t h e  Central  Volcanic Region posed within t h e  context  
of p l a t e  t ec ton ics ,  it has not  met widespread acceptance from New Zealand 
geologis ts  and geophysicists .  For example, Ballance (1976) contends t h a t  
while the  volcanoes of t h e  Taupo Volcanic Zone represent  a cont inuat ion  of 
the  Tonga-Kermadec volcanic r idge ,  the re  i s  no continuation i n t o  t h e  
North Is land of an extensional  back-arc bas in .  
Subsequent t o  Bal lance ' s  work northwest-southeast extens ional  
s t r a i n  r a t e s  of 2 x l 0 - ~  y-l wi th in  the  Central  Volcanic Region have been 
ca lcula ted  by Walcott (19781, who notes t h a t  t h i s  r a t e  i s  c o n s i s t e n t  
with Calhaem's spreading proposal.  A r ecen t  analys is  of repeated 
geodetic surveys i n  t h e  Taupo Volcanic Zone by Sissons (1980) show 
secular  widening of t h e  Zone a t  t h e  Bay of Plenty  coas t  a t  a r a t e  of  
7+4 mm Y-l; Sissons i n t e r p r e t s  t h l s  a s  back-arc spreading. 
Calhaem contends - " t h a t  t h e  Benioff zone, t rench and minor p l a t e  
(Hawkes Bay proto-plate)  have migrated toge the r ,  r e l a t i v e  t o  t h e  
Indian p l a t e  i n  a manner indica ted  by t h e  andes i t e  ages." Under t h i s  
proposal the  spreading r a t e  a t  t h e  Bay of  Plenty  coas t  should be  
20-30 mm y- l ;  a f i g u r e  considerably g r e a t e r  than the  geodet ica l ly  
determined r a t e  of 7 mm y-l.  The d i f fe rence  may j u s t  r e f l e c t  t h e  
f a c t  t h a t  t h e  geodet ic  r a t e  was determined by da ta  t h a t  only spans t h e  
l a s t  70 years  o r ,  a l t e r n a t i v e l y ,  the  d i f fe rence  may be r e a l ,  suggest ing 
t h a t  t h e  andes i te  migrat ion r a t e  i s  g r e a t e r  than t h a t  of  t h e  spreading. 
2.2 Geological and geophysical background t o  the  Centra l  Volcanic Region 
2.2.1 Boundaries of the  Centra l  Volcanic Region and t h e  Taupo 
Volcanic Zone 
The terms Central  Volcanic Region and Taupo Volcanic Zone were 
introduced i n  Chapter 1, although no f irm d e f i n i t i o n  of  these  terms 
were given. It was pointed o u t  however, t h a t  the  Taupo Volcanic Zone 
occupies t h e  eas te rn  sec t ion  o f  t h e  Central  Volcanlc Region and they 
the re fo re  both share a common e a s t e r n  boundary. This boundary i s  
represented by The Active Volcanic Front (Adams & Hatherton, 1973) which 
i s  a l i n e  joining t h e  a c t i v e  a n d e s i t i c  volcanoes of  M t  Ruapehu and 
White Is land.  A l l  o the r  a n d e s i t i c  o r  d a c i t i c  volcanoes of t h e  Taupo 
Volcanic Zone which have been a c t i v e  wi th in  t h e  l a s t  10,000 years  f a l l  
wi th in  10 km of The Active Volcanic Front .  
Fig. 2.8 shows a genera l i sed  geological  map t h a t  p laces  emphasis 
on t h e  f e a t u r e s  t h a t  d i s t i n g u i s h  t h e  western boundaries of the  Central  
Volcanic Region and the  Taupo Volcanic Zone. The a rea  shown i n  f i g .  2.8 
a s  the  Taupo Volcanic Zone i s  t h a t  defined by Healy (19641 and 
s p e c i f i c a l l y  excludes t h e  a c t i v e  thermal areas  around Rotorua. 
Gregg (1964) c r i t i c i s e d  Healy's d e f i n i t i o n ,  arguing t h a t  t h e  Rotorua 
geothermal a reas  be  included wi th in  t h e  boundaries of t h e  Zone. However, 
l a t e r  workers (Cole, 1979) have tended t o  more o r  l e s s  fol low Healy 's  
d e f i n i t i o n  and it w i l l  t he re fo re  be used here.  
The Central  Volcanic Region described by Thompson C1964) i s  a 
l a r g e  a r e a  of t h e  c e n t r a l  North I s l and  t h a t  represents  " . . . the  dominantly 
volcanic a r e a  ly ing between t h e  two main diverging greywacke ranges ...." 
The p resen t  usage of the  term Central  Volcanic Region c lose ly  follows 
Bay 01 Plenty 
Fig. 2.8 A generalised geological ma2 of the Central Volcanic Region 
(after Xew Zealand Geological Survey, 1972). 
that given by Thompson except for the western boundary which is here 
taken as the line dividing Quaternary rhyolites to the east from Mesozoic 
greywackes or Tertiary andesites and rhyolites to the west. As well as 
having a firm geological basis this choice of the western boundary 
closely corresponds to the 4 My boundary of Calhaem (see fig. 2.7). 
2.2.2 Rhyolite volcanism within the Taupo Volcanic Zone 
The western boundary of the Taupo Volcanic Zone takes in the three 
rhyolite volcanic centres of Okataina, Maroa and Taupo and the andesitic 
volcanic centre of Tongariro (Cole, 1979; see fig. 2.91. The Rotorua 
volcanic centre is a circular basin occupied by Lake Rotorua, surrounded 
by rhyolite domes and lies on the western margin of the Taupo Volcanic 
Zone. Within the Taupo Volcanic Zone and the Rotorua Volcanic centre 
lie all the major geothermal fields of the central North Island. 
There is a clear spatial separation of rhyolites from andesites 
within the Taupo Volcanic Zone. Rhyolites, in addition to small volumes 
of high-aluminium basalts, are restricted to the rhyolite volcanic 
centres whereas 95% of the andesites found at the surface are contained 
within the Tongariro Volcanic Centre to the south of Lake Taupo - 
Cole (1979) estimates the volume relationship for volcanic rocks 
within the Taupo Volcanic Zone to be: rhyolite = 12 000 km3, 
andesite = 260 km3, dacite = 5 km3 and high aluminium basalt = 2 km3, 
West of the Taupo Volcanic Zone, but still within the Central 
Volcanic Region are the Mamaku and Kaharoa ignimbrite plateaux 
(Healy et al., 1964). To the east of The Active Volcanic Front is the 
elevated yet remarkably flat Kaingaroa plateau. Drill-holes and seismic 
work (Hochstein & Hunt, 1970) show a thin veneer of ignimbrite overlying 
Fig. 2.9 Map of the volcanic centres associated with the Taupo Volcanic 
Zone (modified from Cole, 1979). Dots represent recently active 
andesitic-dacitic volcanoes and squares represent recent 
basaltic de2osits. Heavily shaded volcanic centres are 
rhyolitic; the light shaded Tongariro centre is andesitic. 
The fine line enclosing the Taupo Volcanic Zone represents 
the spatial extent of erupted ignimbrite sheets. 
greywacke here, and s t ruc tura l ly  the  plateau has h e n  interpreted by 
Healy (1962) a s  a s l i c e  of the eastern greywacke ranges t h a t  has 
subsided towards the  Taupo Volcanic Zone. 
The e a r l i e s t  ignimbrites associated with North Island volcanism 
were erupted about 5-6 My ago from the  Coromandel Peninsula 
(Ballance, 1976; Cole, 1979) and ac t i v i t y  has progressively moved 
south since. The f i r s t  ignimbrite eruptions from the Taupo Volcanic Zone 
a re  thought t o  have taken place about 1.1 My ago from the Maroa Volcanic 
Centre (Cole, 1979) and a t  one time there  may have been an ignimbrite 
surface r i g h t  across the  Zone. This i s  suggested by the  occurrence of 
ignimbrite i n  bore-holes a t  Wairakei a t  depths between 600 and 1200 m 
(Grindley, 1965). Surface exposures of ignimbrite a re  now, however, 
found mainly outside of the  Taupo Volcanic Zone. 
2.2.3 Residual gravi ty  interpreta t ions  
Interpreta t ions  of four res ldual  gravi ty  p ro f i l e s  across the  
eastern margin of the Taupo volcanic Zone were presented by 
Modriniak & Studt  C1459) . 
Implic i t  i n  these in te rpre ta t ions  a r e  the  following assumptions: 
i) A regional gravity anomaly f i e l d  could be obtained by visual ly  
extrapolating greywacke-based Bouguer gravity anomaly values 
across t he  Central Volcanfc Region. The resu l t ing  res iduals  
a re  then considered t o  sole ly  represent the gravity e f f e c t  of 
varying thicknesses of low-density volcanics overlying basement. 
ii) That greywacke exposed on the  flanks a l so  const i tu tes  the  
basement rocks of the Region. 
iii) That a mean density contras t  of -0.5 ~ g / r n ~  ex i s t s  between the  
proposed greywacke basement and the  overlying volcanic cover. 

The residual gravity anomaly field and profile interpretations 
of Modriniak & Studt (1959) are shown in fig. 2.10. Although their 
interpretational models show the thickness of the low-density volcanic 
cover when considered in contrast to a basement with the density of 
greywacke, the models are not evidence that a greywacke basement beneath 
the Region actually exists. Greywacke has been found in drill-holes at 
Broadlands and Kawerau at distances of up to 5 km from the eastern 
boundary of the Taupo Volcanic Zone and at a variety of depths. Whereas 
Hochstein & Hunt (J.970) interpreted these occurrences as being due to l 
a continuous but severely block-faulted basement, Evison et a l .  (1976) 
consider them to be blocks which have become detached from the Kaingaroa 
Plateau by extensive igneous intrusions. 
At Wairakei, some 15 km within the Region, an extensive drilling 
programme failed to locate greywacke or greywacke derived sediments. 
Thus it is of importance to note that the deepest hole, which was put 
down subsequent to the work of Modriniak & Studt, terminated in andesite 
at a depth of 2.2 km [Smith, 19701 yet the interpretational model along 
profile D (fig. 2.10) predicts greywacke at a depth of 1.6 km beneath 
Wairakei. 
Calhaem's plate tectonic model of the Central Volcanic Region 
(section 2.1.4) denies the existence of a continuous greywacke basement 
beneath the Region and instead basement is envisaged to consist predominantly 
of cooled igneous material with aeophysical properties resembling that 
of andesite. It is possibly for this reason that Hatherton (19741, when 
describing a residual gravity interpretation on the western side of Lake 
Taupo, noted that it is not necessary to place a petrological label on 
"basement", but merely that a density contrast of -0 -5 ~ ~ / m ~  exists 
between "basement" and the overlying volcanic cover. 
2.2.4 E l e c t r i c a l  work 
R e s i s t i v i t y  surveys wi th in  t h e  Taupo Volcanic Zone have l a rge ly  
been d i rec ted  t o  shallow inves t iga t ions  associated with geothermal 
explora t ion  [Hatherton e t  aZ.,19661. Geoelectromagnetic induction 
s t u d i e s  have been c a r r i e d  o u t  i n  t h e  southern por t ion  of t h e  Taupo 
Volcanic Zone by Hurst (1975) who found a shallow c r u s t a l  conductivi ty 
anomaly of 0.1 mho/m extending t o  a depth of about 10 km. 
Geomagnetic depth sounding work by LNidha (1979) and dipole-dipole 
r e s i s t i v i t y  work by Bibby [reproduced by Midha, 1979) g ive  s i m i l a r  
r e s u l t s  t o  t h a t  of Hurst. Pig. 2.11 shows Bibby's r e s i s t i v i t y  
i n t e r p r e t a t i o n  along a NW-SE p r o f i l e  which crosses t h e  e a s t e r n  boundary 
of t h e  Taupo Volcanic Zone near Broadlands. The low-res i s t iv i ty  zone 
within t h e  top  10 km i s  proposed t o  represent  t h e  zone of hot-water 
c i r c u l a t i o n  associa ted  with t h e  hydrothermal f i e l d s  (Midha, 1979). 
2.2.5 Magnetic anomalies 
A map of t h e  t o t a l  fo rce  magnetic f i e l d  f o r  an a r e a  t h a t  covered 
much of the  Centra l  Volcanic Region w a s  f i r s t  published by Gerard & 
Lawrie (1955) . Their da ta  were republished by Whiteford (1976) i n  the  
form of a t o t a l  fo rce  anomaly f i e l d  by t h e  subt rac t ion  of a normal 
magnetic f i e l d  from t h e  o r i g i n a l  d a t a .  A t o t a l  force  magnetic anomaly 
map f o r  an a r e a  t h a t  covers the  c e n t r a l  North Is land has  been constructed 
by Davey & Robinson (19781,and t h e  p a r t  of t h e i r  map t h a t  t akes  i n  the  
Central  Volcanic Region is  shown i n  f i g .  2.12. 
Preliminary i n t e r p r e t a t i o n s  of  some magnetic anomalies i n  t h e  
v i c i n i t y  of  thermal areas  were made by Modriniak & Stud t  (-1959) while 

Fig. 2.12 Total. force  magnetic anomalies f o r  t h e  c e n t r a l  North Is land ( a f t e r  
Davey & Robinson, 1978). Data f o r  t h e  c e n t r a l  scuare was obtained 
a t  a he ight  of 1.5 lcm above sea  l e v e l  and elsewhere a t  a  he igh t  
of 3.05 km. Contour i n t e r v a l  = l 0 0  nT. 
Malahoff (1968) modelled the more prominent magnetic anomalies, 
associated with the rhyolitic volcanic centres of the Taupo Volcanic 
Zone, in terms of three-dimensional prismatic source bodies. The models 
of Malahoff suggest that many of the anomalies cannot be explained by 
topographic effects alone and that some source bodies may have depth 
extents of 12-16 km. 
From fig. 2.12 it can be observed that the magnetic anomaly 
field is relatively undisturbed away from the rhyolitic volcanic centres. 
Even over the Coromandel Peninsula, where large volumes of andesite and 
lesser amounts of diorite are exposed, the magnetic anomalies are not 
much different to those over the greywacke ranges to the west, The 
abnormally small magnet3c anomalies associated with the volcanic and 
igneous rocks of the Coromandel area may be due to some, or all, of these 
rocks being reversely magneti'sed or the rocks may have lost a large 
component of their magnetTsation as a result of hydrothermal alteration. 
On a global scale it has been noted by Lawver & Hawkins (1978) 
that within the back-arc basins of the world, where spreading and 
associated magmatic activity is known to be occurring, that the 
observed magnetic anomalies are diffuse and small in amplitude. This 
is in contradistinction to the large and highly correlatable anomalies 
observed over mid-oceanic ridges where, like some back-arc basins, new 
lithosphere is being created. Possible explanations offered by Lawver & 
Hawkins for these differences are that within the back-arc basins there 
is a h2gher heat flux, thinner lithosphere, a thicker sedihentary cover, 
slower spreading rate, more prolonged hydrothermal alteration effects 
and a more diffuse pattern of magmatic intrusion. All these factors 
will contribute to a diminishment of magnetic anomalies. In particular, 
the slower cooling rate will have a strong effect on diminishing magnetic 
anomalies in that it will encourage the growth of coarse grained 
magnetic minerals. 
The magnetic method is usually a powerful method for discriminating 
between basement rocks of a volcanic or sedimentary affinity; the 
magnetisation of volcanic rocks being an order of magnitude or greater 
than that of sedimentary rocks. However, for the Central Volcanic 
Region where deep hydrothermal circulation both in the past as well as 
at present is inferred (Calhaem, 19731, the possibility exists that 
hydrothermal alteratfon has afflicted all the basement rocks of the 
Central Volcanic Region. As a consequence the magnetic method may not 
be an effective geophysical tool for discriminating between a sedimentary 
or volcanic basement for the Central Volcanic Region. 
2.2.6 Heat flow 
One of the most impressive geophysical features of the Taupo 
Volcanic Zone is its high heat output. The total natural heat output, 
almost all of which arrives at the surface v2a hydrothermal systems, has 
been estimated by Studt & Thompson (1969) to be 3.3~109 W. More recent 
studies give slightly higher values of 3.5-4.0~10~ W (Allis, 1979) and 
4.0-6.3~10~ W (Hochstein, 1976). 
The heat flow through the Taupo Volcanic Zone is thought to be 
predominantly convective (Studt & Thompson, 1969; Allis, 1979). 
Upflowing hot water with temperatures as high as 300°C is restricted to 
small areas of 20 km2 or less called geothermal fields. The fields 
are separated by large recharge areas where down flowing meteoric water 
is interpreted to cause values of the temperature gradient to be zero 
CStudt & Thompson, 1969; Thompson, 19773. Studt & Thompson arrived at 
a figure for the average heat flow for the "volcanic belt" of 
Fig. 2.13 Heat output from the geothermal areas of the Central Volcanic ~egion 
(after Allis, 1979). Areas in which the temr,erature of discharging 
water is greater than 9B°C is shown in black; crosses indicate 
places where discharging water is less than 98'~. Bore holes with 
an observed zero geothermal gradient are as given by Studt & 
Thompson (1969) and Thomgson (1977). The area bounded by straight 
lines is the proposed 5000 km2 area beneath which convection is 
assumed to occur. 
820 mw/m2 by assuming 4000 km2 t o  be t h e  a rea  of t h e  b e l t .  A l l i s  (1979) , 
however, considers  an a r e a  of 5000 km2 ( f i g .  2 .l31 t o  be associa ted  
with the  convective hea t  flow, which when combined with h i s  p re fe r red  
hea t  outj?ut est imate of 3 .5~10 '  W gives an average hea t  flow of 
700 m ~ / m ~ .  This value p e r t a i n s  t o  t h e  average hea t  flow f o r  t h e  south- 
eas te rn  s e c t o r  of the  Central  Volcanic Region shown i n  f i g .  2.13. For 
t h e  whole Region, which is an area  of about 10,000 km2, the  h e a t  output  
and the re fo re  average h e a t  flow a r e  unknown. 
Although t h e  above value of 700 mw/m2 i s  f a r  g rea te r  than h e a t  flow 
values reported from o the r  back-arc bas ins  (Anderson, 1975) such 
comparisons may not  be v a l i d .  Estimates of the  average hea t  flow from 
oceanic back-arc bas ins  a r e  notoriously d i f f i c u l t  t o  obta in  due t o  what 
is  thought t o  be  t h e  e f f e c t s  of hydrothermal convection within t h e  
oceanic c r u s t  (Sc la te r ,  1972). However, a volcanic spreading c e n t r e  
t h a t  is  above sea  l e v e l ,  and the re fo re  has a r e a d i l y  ava i l ab le  h e a t  
output  es t imate ,  i s  Iceland.  Although Iceland represents  a d i f f e r e n t  
p l a t e  t ec ton ic  s e t t i n g  t o  t h a t  of Central  Volcanic Region, a comparison 
of t h e  respect ive  hea t  outputs  i s  easy t o  make and i s  therefore  useful .  
Palmason & Saemundsson (1974) i n  a review paper of various 
geophysical and geological  s tud ies  made on Iceland,  propose t h a t  Iceland 
i s  a region of a c t i v e  spreading associa ted  wi th  t h e  mid-Atlantic Ridge, 
and show t h a t  t h e  a c t i v e  volcanism of Ice land,  l i k e  the  Central  Volcanic 
Region, i s  concentrated i n  an elongate volcanic zone severa l  t ens  of 
ki lometres wide. Thus a comparison of t h e  h e a t  output  per  km of s t r i k e  
of volcanic zone w i l l  be made between Iceland and the  Central  Volcanic 
Region. The da ta  from Iceland a re :  
Heat output  from geothermal a reas  = 1.5x107 W / k m  
Heat output  from volcanic ex t rus ives  = 2 .0x107 W/km. 
The hea t  output  of volcanic ex t rus ives  erupted from the  Centra l  Volcanic 
Region i s  a l i t t l e  more d i f f i c u l t  t o  est imate.  However, taking j u s t  the  
3 
r h y o l i t i c  volcanics  and adopting a f i g u r e  of 0.014 km / y  (Ewart et al., 1975) 
6 
a s  the  r h y o l i t e  production r a t e  f o r  t h e  l a s t  10 years ,  an es t imate  can be 
made a s  follows: t h e  hea t  ava i l ab le  from t h e  cooling of a volume (v) of 
molten rock (dens i ty  P)  i s  given by Jaeger (1968) a s :  
h e a t  = vp(ec + L )  . . -2.1 
where 8 = temperature drop = (800-20)OC i . e .  t h e  tenpera ture  of 
molten r h y o l i t e  i s  taken a s  800°C  wart et a l . ) ,  
c = s p e c i f i c  hea t  = 1 . 3 ~ 1 0 ~  J kg-' OC-l (Lachenbruch et a l . ,  1976) 
L = l a t e n t  heat  = 2 . 7 ~ 1 0 ~  J/kg (Lachenbruch et a l . ,  1976) 
and the  dens i ty  of molten r h y o l i t e  i s  taken as  2 - 3 x 1 0 ~  kg/m3. 
Thus i n  a mi l l ion  years  t h e  h e a t  content  of t h e  erupted r h y o l i t e s  
i s  4 - 1 ~ 1 0 ~ ~  J. This i s  equivalent  t o  an average heat  output  of 1-3x10' W 
o r  0 - 8 ~ 1 0  W/km f o r  160 km s t r i k e  of  volcanic zone. The output  from the  
qeothermal f i e l d s  i s  equivalent  t o  2 .2x107 W/km and t h e  t o t a l  h e a t  output  
f o r  the  Central  Volcanic Region i s  t h e r e f o r e  3 . 0 ~ 1 0 ~  W/km; t h i s  i s  
comparable t o  the  t o t a l  hea t  output  es t imate  f o r  Iceland of 3 . 5 ~ 1 0 ~  W/km. 
The important point  t o  note  from t h e  above ana lys i s  i s  t h a t  t h e  
average hea t  flow fo r  the  eas te rn  s e c t o r  o f  the  Central  Volcanic Region is 
many times g r e a t e r  than t h a t  f o r  con t inen ta l  r i f t s  (e.g. Pollack & Chapman, 
1977; Zorin, 19811, y e t  t h e  hea t  output  of  t h e  Region i s  s i m i l a r  t o  t h a t  
f o r  an a c t i v e  spreading cent re .  
Geological evidence suggests t h a t  t h e  hea t  discharge i s  a long-lived 
phenomenon; Grindley (1965) has est imated,  f o r  example, t h a t  t h e  Wairakei 
geothermal f i e l d  has been a c t i v e  f o r  t h e  p a s t  h a l f  mi l l ion  years .  The 
problem of maintaining such a c t i v i t y  has received much a t t e n t i o n  i n  
t h e  l i t e r a t u r e  (e.g. Banwell, 19631, b u t  has so  f a r  def ied  a general ly 
accepted solu t ion .  Rogan (1980) points  out  "such a high r a t e  of hea t  
t r a n s f e r  cannot be generated by conductive hea t  flow through the  c r u s t :  
it would requi re  subcrus ta l  temperatures of approximately 8000°C. Thus 
upward f l u x  of magma i s  required t o  produce t h e  surface  hea t  flow." 
Rogan a l s o  performed some simple ca lcu la t ions ,  based on t h e  numerical 
models of Lachenbrach e t  a l .  (1976), t o  show t h a t  p u t a t i v e  r h y o l i t i c  
magma chambers beneath some of t h e  volcanic cen t res  of the  Taupo Volcanic 
Zone could supply, by conductive hea t  t r a n s f e r ,  a h e a t  flow not 
exceeding 200 mw/m2 t o  these  areas  f o r  a period of  about 0 -2 My . I f  
convective hea t  t r a n s f e r  occurs the  heat  flow would be  g rea te r  bu t  a t  
t h e  expense of decueasinq t h e  l i f e  time of t h e  system. 
Hence, even though d i s c r e t e  bodies of molten r h y o l i t e  
cooling wi th in  the  upper c r u s t  of the  Taupo Volcanic Zone could supply 
hea t  f o r  about t h e  requi red  amount of time t o  support  a geothermal 
system, t h e  heat  flow del ivered  from such bodies could not  account f o r  
t h e  observed heat  flow. Clear ly  a much l a r g e r  and pervasive heat  source 
i s  required.  
2.3 Scope and Outline of  t h i s  Thesis 
I n  t h e  back-drop of t h e  foregoing summary it i s  apparent 
t h a t  t h e  gravi ty  anomaly f i e l d  of the  Central  Volcanic Region may conta in  
t h e  superposed gravi ty  e f f e c t s  o f :  
a )  Rhyoli t ic  volcanic cen t res  and t h e i r  associa ted  deposi t s .  
b )  The subducted p a c i f i c  p l a t e .  
c )  Crust-mantle per turbat ions  a r i s i n g  from back-arc spreading. 
Previous gravi ty  work within t h e  c e n t r a l  North Is land has been 
d i rec ted  towards i n t e r p r e t i n g  one of  t h e  f i r s t  two geological  s t r u c t u r e s  
l i s t e d  above. However, t h e r e  i s  l i t t l e  doubt t h a t  a l l  t h ree  of t h e  above 
a r e  c lose ly  r e l a t e d .  Therefore a complete g rav i ty  i n t e r p r e t a t i o n  of t h e  
Central  Volcanic Region must consider t h e  q rav i ty  e f f e c t s  associa ted  
with back-arc spreading and the  subducted p l a t e  a s  well  a s  t h e  e f f e c t s  
of s u p e r f i c i a l ,  low-density volcanic rocks.  
A s  t h e  s u p e r f i c i a l  low-density volcanic rocks w i l l  
have a dominant g r a v i t y  e f f e c t ,  emphasis-is i n i t i a l l y  placed on 
es tab l i sh ing  t h e  thickness and veloci ty-dens i ty  c h a r a c t e r i s t i c s  of  these  
rocks. I n  chapter  3 a  r e s idua l  g rav i ty  anomaly f i e l d  i s  derived f o r  the  
Central  Volcanic Region and a hypothesis made t h a t  the  predominantly 
negative r e s idua l s  may be explained by various thicknesses of  low-density, 
volcanic rocks, This hypothesis i s  t e s t e d  by analyses of bore-hole 
dens i ty  da ta  (chapter  4 )  and seismic r e f r a c t i o n  experiments (chapter  5 ) .  
A t  two l o c a l i t i e s  wi th in  t h e  Central  Volcanic Region it i s  found t h a t  
t h e  r e s idua l  g rav i ty  e f f e c t  of t h e  se ismical ly  determined thickness o f  
low-velocity rocks does not  equal t h e  observed res idua l  g rav i ty  anomalies. 
The work of chapter  6 i s  a s l i g h t  d igress ion  from the  c e n t r a l  aim 
of t h i s  t h e s i s .  The s p e c t r a l  content  o f  t h e  aeromagnetic anomaly f i e l d  
i s  studied with a view t o  e s t ab l i sh ing  t h e  mean maximum depth ex ten t  
of magnetic source bodies wi th in  t h e  Taupo Volcanic Zone; t h i s  depth 
being in te rp re ted  t o  be t h a t  of the  Curie Point  isotherm. ( G  500°C). 
Arguments a r e  presented t o  show t h a t  t h e  Curie depth may be  used t o  
gain an est imate f o r  the  e l a s t i c  th ickness  of  the  l i thosphere  f o r  t h e  
Central  Volcanic Region. 
I n  chapter 7 an attempt i s  made t o  reconcile the gravity 
and seismic interpreta t ions ,  presented i n  chapter 5,  by modelling 
the  complete gravity anomaly f i e l d  of the  Central Volcanic Region 
with a simple, locally-compensated, three-dimensional model; t h i s  
model i s  used a s  a basis  f o r  making p ro f i l e  in terpreta t ions  across 
the Central Volcanic Region i n  chapter 8, possible petrological  models 
fo r  the c rus t  of t h e  Region a r e  then proposed and f i na l l y  the  study 
i s  concluded with a discussion on how the gravity and seismic work 
reported i n  t h i s  t he s i s  bear upon previously proposed tectonic- 
evolutionary models fo r  the  Central Volcanic Region. 
CHAPTER 3 GRAVITY DATA AND REGIONAL AND RESIDUAL GRAVITY ANOMALY 
FIELDS OF THE CENTRAL NORTH ISLAND 
I n  t h i s  chapter t he  various sources of gravi ty  data used i n  
t h i s  study a r e  described and methods of performing regional-residual 
separations discussed. A res idual  gravity anomaly map of the Central 
Volcanic Region i s  presented and the  broad features  of the  map qua l i t a t i ve ly  
analysed. 
3 .l Gravity data of . t h e  cen t ra l  North ' I s land 
Systematic gravi ty  surveys undertaken i n  New Zealand s ince  
1949 have now secured a regional  coverage with a s t a t i o n  density of 
about 1 per 10 km2. Since 1965 maps of t he  Bouguer, i s o s t a t i c  and 
i s o s t a t i c  f i r s t  v e r t i c a l  der ivat ive  anomaly maps have been published 
a t  a scale  of 1:250 000 (Reil ly,  1972) . Sheet 5 (Woodward & Ferry, 1973) 
and Sheet 8 (Woodward & Ferry, 1974) of t h i s  s e r i e s  cover most of t he  
Central  Volcanic Region where about 4000 gravity observations have been 
made, Although t h i s  s e t  of observations cons t i tu tes  the  pr incipal  
data  base for  t h i s  study the  coverage was no t  uniform and it proved 
necessary t o  make fur ther  observations i n  th ree  regions of i n t e r e s t ;  
along and about the  seismic l i ne s  a t  Mangakino and Otamarakau and along 
a p r o f i l e  from west of Tihoi t o  Taupo. 
A t o t a l  of 287 gravi ty  s t a t i ons  were es tabl ished i n  the  following 
manner : 
Gravity differences between f i e l d  s t a t i ons  and various s t a t i ons  
of t he  New Zealand Primary Network (Robertson & Reil ly ,  1960) were 
measured with a La Coste-Romberg gravimeter (no. G179). Repeat readings 
of base s t a t i ons  allowed diurnal  d r i f t  curves t o  be determined from 
which correct ions  were made t o  a l l  observations. S ta t ion  posi t ions  were 
estimated t o  an accuracy of 100 m from NZMSl maps a t  a s ca l e  of 1:63 360 and 
elevations were determined with a p a i r  of "Baromec" type aneroid barometers 
by measuring t he  di f ference i n  e levat ion from points  of accurate ly  known 
height. The e f f e c t  of change i n  atmospheric pressure with time was 
corrected f o r  by successive remeasurement a t  points  of known height ,  but  
no corrections f o r  horizontal  pressure gradients were made. Terrain 
corrections f o r  Hammer Zones B t o  D were made i n  the  f i e l d  and Zones E 
and F from topographic maps with a contour i n t e rva l  of 100 f t  (30 - 4  m1 . 
Zones G t o  M were calculated by computer using the  method of Woodward & 
Whitla (1980) . 
Reduction of the  above raw da ta  t o  Bouguer and i s o s t a t i c  anomalies 
was achieved by using the  method of Woodward and Whitla thus giving 
anomalies compatible with those made by Geophysics Division. The Bouguer 
p l a t e  and t h e  topographic correct ions  were made with a dens i ty  of 
2.67 &Ig/m3 and the  i s o s t a t i c  anomalies a r e  based on the Airy-Heiskanen 
model with a normal c ru s t a l  thickness of 30 k m  and compensation density 
of -0.6 ~ g / m ~  (Rei l ly ,  1972) . The gravi ty  observations made f o r  t h i s  
study a r e  held on t he  Geophysics Divis ion 's  gravity f i l e s  as :  
Gravity map of New Zealand 1:250 000 Sheet 5: 
S ta t ion  numbers 2839 t o  2930 
2996 t o  3100 
3130 t o  3157 
3199 t o  3267 
Gravity map of New Zealand 1:250 000 Sheet 8: 
S t a t i on  numbers 3278 t o  3335 
By f a r  the  g rea tes t  cause of e r ro r  f o r  any one gravity observation 
i s  t he  uncertainty inherent  i n  t h e  height determination. A t  t h e  margins 
of the  Central Volcanic Region where the  land becomes mountainous e r rors  
a r i s i ng  from uncer ta int ies  i n  elevation of up t o  50 uN/kg a re  possible,  
although i n  general t h e  t o t a l  estimated uncertainty f o r  any one gravity 
observation made within  t he  Region i s  about &l0 pN/kg. 
3.2 Regional-residual separation 
3.2.1 Introduction 
A gravity anomaly map commonly contains short-wavelength features  
which must be of shallow o r ig in  superimposed on broader anomaly trends 
which most l i ke ly ,  but  not necessari ly,  have deep geological or igins .  
The fundamental s t a r t i n g  point  f o r  a gravity i n t e rp re t a t i on  i s  of ten the  
separation of these  e f fec t s .  For many r e a l  ea r th  s i t ua t i ons  t h i s  
a rb i t r a ry  subdivision can be troublesome and may even be fa l lacious;  
however by performing the  separation t he  in te rpre ta t ion  task i s  eased by 
allowing a t t en t ion  t o  be focussed on one fea ture  a t  a time. 
I n  New Zealand i n t e rp re t a t i on  of gravity has previously been based 
on regionals obtained by in terpola t ion of gravi ty  observations made on 
"basement" rocks (Hatherton, 1952; Dibble & Suggate, 1956; Cowan & 
Hatherton, 1968) . This method i s  sa t i s fac tory  f o r  investigations of 
super f ic ia l  sedimentary basins of l imited hor izontal  extent  i f  one can 
make the  assumption t h a t  t he  respective sources of  the  regional and 
res idual  gravity anomaly f i e l d s  a r e  well separated i n  depth. 
The Central Volcanic Region i s  100 km wide a t  i t s  northern end, i s  a 
s i t e  of in tense  volcanic a c t i v i t y  with ac t ive  extension, and possibly 
spreading (Chapter 2 ) .  These a r e  not  i d e a l  condit ions f o r  a regional-  
r e s idua l  g rav i ty  anomaly separat ion.  For example the re  may be a continuum 
of dens i ty  i r r e g u l a r i t i e s  throughout t h e  crust-mantle column of the  Region 
which would e f f e c t i v e l y  render a sharp wavelength d i s t i n c t i o n  between 
regional  and r e s i d u a l  anomalies t o  be untenable. Nevertheless, because our 
knowledge of  t h e  r e l evan t  d e t a i l s  pe r t a in ing  t o  the  deep s t r u c t u r e  of the  
Central  Volcanic Region is  incomplete a t  t h i s  s t age ,  the  regional - res idual  
separa t ion  i s  a use fu l  s t a r t i n g  po in t  f o r  a g rav i ty  i n t e r p r e t a t i o n  of  t h e  
Region. A separa t ion  w i l l  be ca r r i ed  o u t  and a hypothesis made t h a t  t h e  
r e s u l t i n g  r e s i d u a l  g rav i ty  anomalies r ep resen t  so le ly  t h e  anomalous gravi ty  
e f f e c t  of  t h e  low dens i ty  volcanic rocks found wi th in  the  near su r face  
of t h e  Central  Volcanic Region. The c o r o l l a r y  of t h i s  working hypothesis  
i s  t h a t  t h e  regional  f i e l d  i s  due t o  dens i ty  i r r e g u l a r i t i e s  a t  depths 
la rge  enough t h a t  they need no t  concern the  i n t e r p r e t a t i o n  of t h e  
r e s idua l  g rav i ty  anomalies. 
This hypothesis  w i l l  be t e s t ed  i n  t h i s  t h e s i s  by i) examining 
the  v a r i a t i o n  of  dens i ty  with depth and ii), determining the  th ickness  
and v a r i a t i o n  of seismic ve loc i ty  with depth of  the  volcanic rocks 
wi th in  the  Centra l  Volcanic Region. I f  a l ack  of consistency i s  found 
between the  derived res idua l  g rav i ty  anomalies, on one hand, and the  
ca lcula ted  g rav i ty  e f f e c t  of  the  se ismical ly  determined thickness of 
volcanic rocks, on t h e  o the r ,  t h e  above hypothesis w i l l  have t o  be 
re j ec ted .  A d i r e c t  approach a t  i n t e r p r e t i n g  a l l  components of t h e  
g rav i ty  anomaly f i e l d  of  t h e  Central  Volcanic Region w i l l  then be  
required.  
3.2.2 Regional and residual gravity anomalies of the central North Island 
A previous Bouguer regional gravity field for the southeastern 
sector of the Central Volcanic Region has been presented by Modriniak 
& Studt (1959) (fig. 2.10). This field was constructed by manual 
interpolation, or "eyeballingn, of greywacke-based Bouguer gravity 
anomaly values from one side of the volcanic region to the other. For 
the present study a quasi-objective method was developed whereby low- 
order, two-way polynomials were fitted by least squares to greywacke- 
based gravity observatlons that flank tlie Central Volcanic Region. The 
method and results of this procedure are descrTbed in Stern (1979) and 
a copy of this paper comprises appendix A of th2s thesls. Only the 
more important results will be discussed here. 
3.2.3 Features of the residual gravity anomaly field 
Regional polynomials were developed for both the Bouguer and 
isostatic gravity anomaly fields; residual anomalies, whether derived 
from either the Bouguer or the isostatic regional field were found to 
differ by less than 20 pN/kg. 
A density of 2.67 ~ ~ / m ~  was used for the Bouguer plate correction 
for all gravity anomalies, whether lnside the volcanic region or out, 
so that the residual anomalies contain the gravity effect of rocks above 
sea level having densities differing from the assumed 2.67 ~ ~ / m ~ .  
Fig. 3.1 shows the residual gravity anomaly field derived by subtracting 
the isostatic regional field from the observed isostatic anomalies. It 
should be noted that no account was taken for height differences of 
individual gravity observations when this contour map was drawn; the 
map is a two-dimensional representation of the residual gravity anomalies 
Fig. 3.1 Residual gravity anomaly field of the Central Volcanic Region 
derived by subtracting a regional isostatic gravity anomaly 
field from the observed isostatic gravity anomalies. Contour 
interval = 50 v~/kg. Dotted areas represent anomalies less 
than -500 pN/kg and hachured areas are greater than 0 pN/kg. 
Dots outline the approximate boundaries of the Taupo 
Volcanic Zone. Letters A-A' etc refer to profiles that 
will be discussed later. 
observed on t h e  ground surface  which has a r e l i e f  varying from 0 t o  
1000 m. The anomalies a r e  predominantly negative which accords with 
the  genera l ly  low d e n s i t i e s  of volcanic rocks found wi th in  t h e  volcanic 
region. Moreover, by comparing f i g .  3.1 with f i g .  2.9 it can be noted 
t h a t  t h e  majori ty of the  most negative g rav i ty  anomalies [or g rav i ty  
"lowsttj a r e  associa ted  with t h e  r h y o l i t i c  volcanic cen t res  of Taupo, 
Maroa and Okataina. However t h e r e  i s  only a nebulous as soc ia t ion  of  
a g rav i ty  low with t h e  Rotorua volcanic cen t re  and t h e  deepest  g rav i ty  
low, t h a t  found southwest of Tokoroa, i s  not  associa ted  wi th  any known 
volcanic cen t re .  This l a t t e r  g rav i ty  low s h a l l  be r e f e r r e d  t o  a s  t h e  
Mangakino g rav i ty  low. 
Within the  Central  Volcanic Region severa l  l o c a l  g rav i ty  "highstt  
can be observed; a t  Otamarakau where greywacke outcrops,  west of 
Te Puke where andes i t e  outcrops and t h e r e  i s  a l a rge ,  c i r c u l a r  g rav i ty  
high near  Tokoroa. Between Atiamuri and Broadlands Cfig. 3.1) t h e r e  
i s  an elongate g rav i ty  high which corresponds with a southward plunging 
s t r u c t u r a l  high.  Modriniak & Stud t  (1959) c a l l e d  t h i s  f e a t u r e  t h e  
Paeroa Block and p resen t  geophysical evidence t o  suggest t h a t  t h e  block 
i s  a fragment of greywacke t h a t  has subsided from t h e  Kaingaroa Pla teau  
t o  the  e a s t  ( f i g .  3.1).  
These s h o r t  wavelength g rav i ty  highs a r e  superimposed upon a 
broad region,  c o r r e l a t i n g  more o r  less with t h e  boundaries of Central  
Volcanic Region, where the  r e s i d u a l  g r a v i t y  anomalies average about 
-400 pN/kg. Thus, the  long wavelength components of t h e  r e s i d u a l  
g rav i ty  anomaly f i e l d  tend t o  h igh l igh t  the  boundaries of t h e  Centra l  
Volcanic Region r a t h e r  than those of  t h e  Taupo Volcanic Zone. 
To t h e  e a s t  of Lake Taupo a broad res idua l  g rav i ty  high over the  
Kaingaroa p la teau  can be noted. D r i l l i n g  and seismic work [Hochstein & 
Hunt, 1970) show t h a t  a t h i n  veneer of ignimbri te  overlying greywacke 
e x i s t s  here.  The res idua l  g rav i ty  high may be an a r t e f a c t  of the  
regional  polynomial being unable t o  accommodate t h e  regional  gravi ty  
curvature i n  t h i s  a rea  ox, a l t e r n a t i v e l y ,  t h e  anomaly may represent  
a high dens i ty  mass d i s t r i b u t i o n  a t  a depth of about 10 km. 
3.2.4 A comparison of published res idua l  f i e l d s  
No res idua l  g rav i ty  f i e l d  can be regarded a s  unique; f o r  a s  
Gupta & Ramani 0980)  s t a t e  "What i s  one mans regional  i s  anothers 
r e s idua l  depending on t h e  na tu re  of the  information sought from t h e  
data."  Three re s idua l  g rav i ty  anomaly f r e l d s  have now been published f o r  
t h e  Central  Volcanic Region a l l  of whhh e s s e n t i a l l y  used a common da ta  
set and s imi la r  methods of der iva t ion .  Table 3.1 presents  a comparison 
of these  t h r e e  r e s idua l  f i e l d s .  Several  po in t s  should be noted. 
F i r s t l y ,  t h e  r e s idua l  f i e l d s  derived separa te ly  i n  t h i s  study 
from Bouguer and i s o s t a t i c  regional  f i e l d s  a r e  almost i d e n t i c a l .  This 
suggests  t h a t  t h e  i s o s t a t i c  co r rec t ion  f i e l d  f o r  t h e  c e n t r a l  North 
Is land can read i ly  be accommodated by a third-order,  two-way polynomial. 
Secondly t h e r e  a r e  appreciable d i f fe rences  i n  t h e  th ree  r e s idua l  f i e l d  
determinations cont ras ted  i n  t a b l e  3.1. The res fdua l s  presented by 
Modriniak and S tud t  U9591 a r e  more negative than those  derived from 
t h i s  study. This d i f f e rence  would be even l a r g e r  i f  t h e  above authors 
had used a Bouguer reduction dens i ty  of 2.67 ~ ~ / m ~ ,  a s  used f o r  t h i s  
study, r a t h e r  than a p re fe r red  dens i ty  of 2 .0  ~ g / m ~ .  Thus f o r  say the  
Wairakei region,  which i s  about 300 m aEove sea l e v e l ,  t he  r e s idua l  
anomaly of  Modriniak & Stud t  i f  reduced with a Bouguer reduction 
dens i ty  of 2.67 ~ g / r n ~  would be about -480 vN/kg ins tead  of -400 pN/kg; 
a value 130 vN/kg lower than t h a t  derived here. 
Rogan(1980) 
Method 
Stern(1979) Regional 
Value o f  residual 
field at: 
1 , u ~ l k ~  1 W a i r a  k e  i 
Modriniak & 
S t u d  t (i959) 
M anual interpolation 
o f  Bmguer anomaly 
f ield 
A t i a m u r i  
Ngakuru 
Mangakino 
* Values from Stud t (1958  l 
- 400 
Broad lands  
K a w e r a u  
Rotoehu seismic 
Line 
O t a m a r a k a u  
greywacke artcrop 
Whakatane 
Graben 
Te Puke 
Table 3.1 A comparison of r e s idua l  g r a v i t y  anomaly values,  
derived from d i f f e r e n t  s t u d i e s ,  f o r  various loca t ions  
wi th in  t h e  Central  Volcanic Region. Values f o r  
Modriniak & Studt  and Rogan were read from contour 
maps with an estimated reading accuracy of 250 pN/kg. 
Numerical interpoiati on 
[ third degree, two -way pdynm- 
- ials d isos ta  t ic a d  B o w e r  
gravity anomaly fields l 
- 500 
-550 
n o t  shown 
Numerica l interpolat ion 
[ th i rd  degree, two -way polynomial 
of Bouguer g rav i t y  anomaly i i e u  ] 
-410 
- 3 0 0  * 
n o t  shown 
-420 * 
n o t  shown 
- 2 5 0  
Bouguer 
- 345 
- 4 6 6  
- 5 2 4  
-649 
i sostat ic  
- 350 
-299 
-221 
+30- -300 
+31 
- 440 
-140 
-469 
-51 6 
- 6 5  7 
- 400 
- 450 
- 500 
- 2 9 5  1 -200 
- 232 
+5 0-290 
+ 5 
- 446 
-1 52 
-100 
+loo-  -100 
+ l 0 0  
- 250 
0 
On t h e  o the r  hand t h e  r e s i d u a l s  published by Rogan (1980) a r e  
genera l ly  more p o s i t i v e  than those  derived here (.table 3 .1) .  Hence, 
d i f f e r e n t  r e s idua l  gravi ty  anomaly f i e l d s  f o r  the  Centra l  Volcanic Region, 
even when derived by s imi la r  means, may produce r e s i d u a l  anomalies t h a t  
a t  some loca t ions  can vary by a f a c t o r  of two; t h i s  h igh l igh t s  some of 
the  d i f f i c u l t i e s  associa ted  with determining a regional  g rav i ty  f i e l d  
across a region a s  wide a s  t h e  Centra l  Volcanic Region. 
3.3 Conclusions 
The r e s i d u a l  g rav i ty  anomaly map of t h e  Central  Volcanic Region 
shows a broad t r i a n g u l a r  region of negative r e s idua l  anomalies which 
average about -400 pN/kg. This simple p a t t e r n  i s  perturbed i n  p laces  
by deep g rav i ty  lows associa ted  with some of the  r h y o l i t i c  cent res  of 
the  Taupo Volcanic Zone and by l o c a l  gravi ty  highs which i n  two cases 
can be co r re la t ed  with outcropping rocks t h a t  a r e  denser than t h e  volcanic 
cover. However the  fundamental p o l n t  t o  be noted from f i g .  3.1 i s  t h a t  
it i s  t h e  boundaries of t h e  Centra l  Volcanic Region t h a t  a r e  emphasised 
by t h e  shape of t h e  r e s idua l  g rav i ty  anomalies. 
The general  e f f icacy of a regional-residual  sepa ra t ion  f o r  the  
c e n t r a l  North Is land gravi ty  f i e l d  has y e t  t o  be t e s t ed .  The working 
hypothesis adopted a t  t h i s  s t age  of the  inves t iga t ion  i s  t h a t  the  
r e s idua l  g rav i ty  anomalies r ep resen t  the  gravi ty  e f f e c t  of varying 
thicknesses of low-density volcanic rocks.  This hypothesis  w i l l  f i r s t  
be t e s t e d  by examining bore-hole dens i ty  da ta  from t h e  Centra l  Volcanic 
Region and, secondly by t h e  use  of seismic r e f r a c t i o n  techniques t o  
determine t h e  thickness and seismic ve loc i ty  c h a r a c t e r i s t i c s  of t h e  
volcanic rocks. 
CHAPTER 4 ROCK PROPERTIES 
S m a r y  : 
An ana lys i s  of bore-hole dens i ty  da ta  i s  t h e  main top ic  of t h i s  
chapter .  The v a r i a t i o n  of dens i ty  with depth i s  examined with a view 
t o  e s t ab l i sh ing  a genera l i sed  dens i ty  versus depth r e l a t i o n  f o r  t h e  
s u p e r f i c i a l  volcanic rocks of the  Central  Volcanic Region. Since most 
of t h e  da ta  come from geothermal areas  where l o c a l i s e d  hydrothermal 
d e n s  i f  i c a t i o n  i s  known t o  occur, c lose  a t t e n t i o n  i s  paid t o  whether 
o r  n o t  t h e  da ta  can be  taken a s  being representa t ive  of t h e  volcanic 
rocks found outs ide  of  t h e  geothermal areas.  
Complementing the  dens i ty  versus depth d a t a  a r e  seismic ve loc i ty  
versus dens i ty  and seismic ve loc i ty  versus depth da ta .  Three empirical  
r e l a t i o n s  a r e  developed between dens i ty  ( p ) ,  seismic ve loc i ty  (V ) and 
P 
depth (2) .  The sources of da ta  used i n  obta in ing these  r e l a t i o n s  a r e  
a s  follows: 
p vs. Z - bore-hole da ta  from Wairakei 
V vs.  p - labora tory  work on bore-hole samples 
P 
V vs. Z - seismic r e f r a c t i o n  da ta  from t h e  Taupo-Ohakuri-Tihoi 
P 
region.  
The above t h r e e  funct ions ,  which a r e  found t o  be mutually 
cons i s t en t ,  lead  t o  the  following conclusions: 
i) La te ra l  v a r i a t i o n s  of  dens i ty  within t h e  top  1 km of volcanic 
rocks can account f o r  g rav i ty  anomaly v a r i a t i o n s  of up t o  100 y ~ / k g  
i n  amplitude and 10 km i n  wavelength; these  l a t e r a l  va r i a t ions  of 
dens i ty  a r e  n o t  necessa r i ly  due t o  hydrothermal dens i f i ca t ion  
e f f e c t s  . 
ii) ~ x t r a p o l a t i o n  of t h e  dens i ty  with depth t rends  associa ted  with 
da ta  from t h e  Kawerau and Wairakei bore-holes suggest t h a t  the  
d e n s i t i e s  of volcanic rocks approach values a s  high a s  2.60 Mg/m3 
a t  depths of 2-3 km; t h i s  dens i ty  i s  consis tent  with the  seismic 
v e l o c i t i e s  of  5.0-5.5 km/s de tec ted  i n  t h e  same depth range beneath 
t h e  Taupo-Ohakuri-Tihoi region. 
4.1 In t roduct ion  
Pas t  g rav i ty  i n t e r p r e t a t i o n s  wi th in  t h e  Central Volcanic Region 
have adopted -0.5 M9/m3 as  the  dens i ty  c o n t r a s t  between low-density 
volcanics and an assumed greywacke basement (e.g. Modriniak & Studt ,  1959; 
Rogan, 1980). With t h i s  constant  dens i ty  con t ras t ,  and i n  t h e  absence of 
any seismic con t ro l ,  r e s idua l  gravi ty  i n t e r p r e t a t i o n s  have afforded 
a s impl i f ied  s t r u c t u r a l  model of t h e  Centra l  Volcanic Region, 
~ o d r i n i a k  & Stud t ,  f o r  example, i n t e r p r e t e d  a -550 uN/kg r e s i d u a l  
g rav i ty  low south o f  Rotorua i n  terms of a 4 km deep basement depression 
i n f i l l e d  with low-density volcanics ( f i g .  2.10). 
The -0.5 Mq/m3 dens i ty  c o n t r a s t  was chosen by Modriniak & Stud t  
on t h e  b a s i s  of  d e n s i t i e s  obtained from extens ive  surface  sampling and 
a few d r i l l - c o r e s .  Extrapolat ion of t h e  dens i ty  c o n t r a s t  t h a t  i s  
appl icable  t o  near  surface  volcanic rocks,  t o  depths of 4 km i s  c l e a r l y  
a gross approximation. Modriniak & S t u d t  acknowledged t h i s  and 
accordingly added t h e  proviso t h a t  i f  t h e r e  i s  a decreasing dens i ty  
c o n t r a s t  with depth t h e i r  in t e rp re ted  depths must be regarded a s  minima. 
Of fundamental importance when i n t e r p r e t i n g  res idua l  g r a v i t y  
anomalies associa ted  with high-porosity, and hence low-density, rocks 
is how the density varies with depth, rather than the mean density or 
the surface densities of the rocks. If the density contrast of the 
volcanic rocks decreases with depth, then the resolution of depth to 
basement, from the residual gravity anomalies, also decreases with depth. 
Indeed the very definition of "basement" becomes obscure in this 
situation. 
The terms "basement" and "cover" are often used in a geological 
sense to distinguish two rock units of different age and sometimes 
different lithology. ~t is not at all certain that these terms 
are appropriate to the Central Volcanic Region where it is unknown if a 
rock unit of differing lithology or age underlies the acid volcanics thatare 
observed within the near surface. However the residual gravity anomalies 
derived in chapter 3 purport to represent the anomalous gravity effect 
of rocks within the Central Volcanic Region whose densities are different 
to that of rocks, at an equivalent depth, that flank the Region 
(i.e. greywacke]. Hence if a rock unit exists at some depth within the 
Region, regardless of its age or lithology, whose density is much the 
same as greywacke it will have no residual gravity effect. Therefore 
the term "basement" will be reserved for rocks whose densities, or 
seismic velocities, are similar to that of greywacke; the term 
"volcanic cover" will be used to describe volcanic rocks that lie above 
the basement rocks and whose densities are less than that of greywacke. 
No lithological or chronological assumptions are attached to this 
definition of basement. Furthermore, unless otherwise stated in this 
thesis, the terms density and velocity refer to wet(or saturated)density 
and compressional seismic velocity respectively. 
4.2 Density da ta  
Surface dens i ty  determinations 
Table 4.1 l is ts  the  d e n s i t i e s  f o r  seve ra l  rock types found a t  
t h e  surface  throughout and adjacent  t o  t h e  Central  Volcanic Region. 
Most of the  da ta  were abs t rac ted  from Whiteford & Lumb (1975) although 
add i t iona l  dens i ty  measurements were c a r r i e d  o u t  on f i v e  samples of  
granodior i te  boulders bel ieved t o  be xeno l i ths  e jec ted  from M t  Tarawera. 
Ewart & Cole (1967) give t e x t u r a l  and mineralogical  desc r ip t ions  of 
these  rocks and conclude t h a t  they represent  p lu tonic  equivalents  of  
the  ac id  volcanic rocks found a t  o r  near t h e  surface.  These granodior i tes  
a r e  therefore  of s p e c i a l  i n t e r e s t  a s  they poss ib ly  represent  a deeper 
rock s u i t e  of t h e  Centra l  Volcanic Region t h a t  i s  nowhere exposed a t  
the  surface.  The average wet and p a r t i c l e  d e n s i t i e s  of the  granodior i tes  
were found t o  be 2.50 and 2.59 Plg/m3 respect ive ly .  
4.2.2 Bore-hole d e n s i t y  da ta  
D r i l l i n g  f o r  geothermal resources over the  p a s t  t h i r t y  years  
has provided a wealth of  dens i ty  versus depth da ta  from t h e  Centra l  
Volcanic Region. Most of t h e  dens i ty  determinations were c a r r i e d  o u t  
by M r  A. E.  Leopard (Geophysics Division, D.S.I.R.) and the  da ta  can 
be found tabula ted  e i t h e r  i n  Whiteford & Lumb (1975) o r  i n  f i l e s  he ld  
a t  Geophysics Division. 
Fig. 4.1 shows t h e  dens i ty  versus depth da ta  and the  corresponding 
cumulative g rav i ty  anomaly f o r  bore 121 - t h e  deepest hole  a t  Wairakei. 
The cumulative g rav i ty  anomaly ca lcu la t ion  assumes an i n f i n i t e  Bouguer 
p l a t e  configurat ion,  a basement dens i ty  of 2.65 Mg/m3, and i s  def ined by: 
T a b l e  4 . 1  S ta t i s t i c s  of rock d e n s i t i e s  for  surface s a m p l e s  found 
w i t h i n  the  C e n t r a l  V o l c a n i c  R e g i o n  
~i thology A g e  L o c a t i o n  P S td. dev . No.  
(Mg/m3) (Mg/m3) 
R o t o i t i -  4 2  000 y r  
breccia 
B a y  of P l e n t y  
H a p a r a n g i  less than 1 My 
r h y o l i t e  
T . V . Z .  
V o l c a n i c  11 I 1  11 
t u f  f 
W h a k a m a r u  0 . 3 3  My 
i g n i m b r i t e  
W h a k a m a r u  
R a n g i t a i k i  Q u a t e r n a r y  
i g n i m b r i t e  
K a i n g a r o a  P l a t e a u  
B e s s o n  Is. T e r t i a r y  
andesi tes 
C o r o m a n d e l  
T .V.Z .  Q u a t e r n a r y  
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T o n g a r i r o  V o l c a n i c  
C e n t r e  
B a s a l t  Q u a t e r n a r y  T . V . Z .  
G r e y w a c k e  M e s o z o i c  B o r d e r i n g  t h e  
C.V.R.  
G r a n o d i o r i t e  ? 
boulders 
T a r a w e r a  
T . V . Z .  = T a u p o  V o l c a n i c  Z o n e  C.V.R. = C e n t r a l  V o l c a n i c  R e g i o n  
p = m e a n  dens i ty  
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Fig. 4.1 Density versus depth data from Wairakei bores 121 and 71. 
The associated cumulative residual gravity anomaly is 
shown at the top. A basement density of 2.65 PIg/m3 is 
assumed. 
where G = g r a v i t a t i o n a l  constant ,  ( p a t h . )  = densi ty  and depth of t h e  
1 1 -  
ith sample, N = t o t a l  number of samples and h = 0. The dens i ty  log  
0 
from bore 121 does no t  include any samples from t h e  top  600 m,so 
d e n s i t i e s  from nearby bore 71 were used f o r  t h i s  upper i n t e r v a l .  A 
marked increase  of dens i ty  with depth can be observed wi th in  t h e  f i r s t  
500 m,where t h e  l i tho logy  is  t u f f  and sandstone,whereas between 500 
and 2000 m t h e  increase  of dens i ty  with depth i s  only s l i g h t .  The 
cumulative g r a v i t y  anomaly f o r  a depth of  2.2 k m  i s  about -310 pN/kg. 
Fig. 4.2 shows t h e  dens i ty  versus depth data  and cumulative 
gravi ty  anomaly curve f o r  bore 227 (see f i g .  4.5 f o r  t h e  loca t ions  of  
bores 227, 121 and 71) .  Although bore  227 i s  only 5 km d i s t a n t  from 
bore 121 the  d e n s i t i e s  a r e  appreciably lower than i n  bore 121; indeed 
the  d e n s i t i e s  of bore 227 were found t o  be t h e  lowest of any bore-holes 
wi th in  t h e  Region. No l i t h o l o g i e s  were given f o r  bore 227 although 
from t h e  cross-sect ions of Grindley (1965) it can be in fe r red  t h a t  t h e  
l i tho logy  of rocks i n  t h i s  hole  i s  pumice breccia  of the  Wairoa formation 
It can be seen i n  f i g .  4.2 t h a t  although t h e  hole  only goes t o  a depth 
of 1100 metres the  cumulative g rav i ty  anomaly f o r  t h i s  depth i s  
-380 vN/kg. By way of comparison t h e  cumulative gravi ty  anomaly f o r  
bore 121 and 71  is  -250 pN/kg a t  a depth  of  1100 m. Thus from an 
examination of  dens i ty  da ta  from j u s t  two bore-holes it i s  evident  t h a t  
l a r g e  l a t e r a l  v a r i a t i o n s  within t h e  t o p  1 km of volcanic cover may occur. 
Of f u r t h e r  note  i s  t h a t  desp i t e  t h e  considerable s c a t t e r  i n  the  
da ta  of f i g .  4.2 t h e r e  i s  a c l e a r  tendency f o r  t h e  dens i ty  t o  inc rease  
with depth. 
BORE 2 2 7  
DEPTH, km 
Fig.  4.2 Density versus  depth and cumulative r e s idua l  
g rav i ty  anomaly f o r  bore 227 ( see  f i q .  4.5 f o r  
the  l o c a t i o n  of  the  bore h o l e ) .  
Fig. 4.3 shows 1011 bore-hole dens i ty  determinations, p l o t t e d  
aga ins t  depth, from Kawerau, Broadlands, Orakeikorako, Wairakei and 
Whakamaru. The f i r s t  four  l o c a l i t i e s  a r e  s i t e s  of geothermal explora t ion  
while a t  Whakamaru severa l  shallow bore-holes were p u t  down f o r  dam 
inves t iga t ion  work. A t  Wairakeimany holes have been pu t  down over a 
wide a r e a  so preference was given t o  dens i ty  da ta  from those  holes  n o t  
d i r e c t l y  associa ted  w i t h  t h e  geothermal production area .  A f u r t h e r  
cons t ra in t  on t h e  da ta  s e t  was t h a t  only bore-holes accompanied by 
l i t h o l o g i c a l  logs  w e r e  used. 
Despite the  l a r g e  s c a t t e r  f o r  the  da ta  of Fig. 4.3 a wedge-shaped 
t ape r  t o  higher d e n s i t i e s  with depth can be seen. The quest ion of 
whether the  density-depth p a t t e r n  i n  f i g .  4.3 i s  t y p i c a l  of t h e  Central  
Volcanic Region i n  general  i s  important, y e t  n o t  e a s i l y  answered. A 
poss ib le  b i a s  of t h i s  da ta  s e t  by hydrothermal dens i f i ca t ion  must 
f i r s t  be considered. 
4.2.3 Hydrothermal dens i f i ca t ion  e f f e c t s  
In tens ive  g rav i ty ,  seismic and magnetic inves t iga t ions  a t  Broadlands 
l e d  Hochstein & Hunt (1970) t o  the  conclusion t h a t  80 pN/kg of an 
observed 100 pN/kg secondary res idua l  g rav i ty  high could be a t t r i b u t e d  t o  
e f f e c t s  of hydrothermal dens i f i ca t ion  wi th in  t h e  volcanic cover. 
Examination of cores revealed t h a t  high-rank a l t e r a t i o n  dens i f i ed  some 
of the  o r i g i n a l l y  porous l i t h o l o g i e s  by a s  much a s  0.4 ~ ~ / m ~ .  
Densif icat ion i s  thought t o  a f f e c t  only t h e  more porous l i t h o l o g i e s ,  
however. For example Cheng (1976) found t h a t  whereas d e n s i t i e s  of  sandstone 
wi th in  t h e  Tatun [Taiwan) geothermal f i e l d  increased w i t h  hydrothermal 
a l t e r a t i o n ,  andes i t e  d e n s i t i e s  decreased. 
Fig .  4 .3  1011 bore hole  dens i ty  determinations from t h e  
Central  volcanic ~ e ~ i o n  p l o t t e d  aga ins t  depth. 
Rather than dismiss outright the large density data set of 
fig. 4.3, it was decided to examine the gravity fields around the 
geothermal fields, other than Broadlands, for secondary gravity highs. 
4.2.4 Secondary sravitv hishs 
Closely-spaced gravity observations have been made about the 
Kawerau and Wairakei geothermal fields (see Woodward & Ferry 1973, 1974). 
These data were used to numerically calculate 1.2 km grids of weighted 
residual gravity observations which were then contoured with a bicubic 
spline computer programme, as described by Brownrigg (1978). Contour 
maps of the Kawerau and Wairakei residual gravity fields are shown in 
figs 4.4 and 4.5 respectively. 
Kawerau field: A secondary residual gravity high of approximate 
amplitude 20-30 pN/kg was first noted by Studt (1958) to be associated 
with the Kawerau geothermal field. This secondary high can be seen in 
fig. 4.4. Taking the radius of the field to be 1.5 km (fig. 4.4), the 
volume of anomalous mass can be modelled as a vertical cylinder 1 km 
deep, radius 1.5 km and with a density contrast of about 0 .l ~ ~ / m ~  
(Telford et al., 1976; equation 2.43e). Thus the bore-hole density 
data from Kawerau may contain an upward density bias from hydrothermal 
densification of 0.1 ~ ~ / m ~ .  
Wairakei field: Beck & Robertson 0955) first observed a local 
gravity high, amplitude 60-80 pN/kg, over the Wairakei region. They 
attributed it to a greywacke basement high. Modriniak & Studt's 
(fig. 2.10, chp.21 interpretation profile across the Wairakei gravity 
high showed an assumed greywacke basement locally rising to a depth of 
1.6 km beneath Wairakei. Grindley (1965) also subscribed to the view of 
.k = Borehole 
;' = Geothermal field boundary 
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Fig. 4.4 Computer contour p l o t  of a  1 .3  km g r i d  of  weighted res idua l  gravi ty  anomaly values 
about t h e  Kawerau area .  The d i s t r i b u t i o n  of g rav i ty  s t a t i o n s  used t o  der ive  t h e  
g r i d  i s  given by Woodward & Ferry (1973). 
$(. = Borehole 
;' = Geothermal field boundary 
contour interval = 10 UNlkg 
Fig. 4.5 Computer contour p l o t  f o r  t h e  Wairakei a rea  derived i n  a  manner s i m i l a r  t o  f i g .  4 . 4 .  Pos i t ions  
of t h e  bore holes used i n  t h e  Wairakei density-depth ana lys i s  a r e  shown. I n s e r t  map a t  t o p  
r i g h t  i s  from Modriniak & Stud t  (1959) and h igh l igh t s  t h e  a s soc ia t ion  of t h e  Wairakei gravi ty  
high and t h e  Target Magnetic Anomaly (contour i n t e r v a l  = 50 n ~ ) .  
a Wairakei basement high c i t i n g  s t r a t i g r a p h i c  u p l i f t  of t h e  s u p e r f i c i a l  
subsurface l ayers  a s  corroborat ing evidence f o r  the  basement u p l i f t .  
However, subsequent d r i l l i n g  a t  Wairakei f a i l e d  t o  f ind  greywacke basement 
desp i t e  the  deepest hole,  bore-121 ( f ig .  4 .1 ) ,  terminating i n  andes i t e  
a t  a depth of 2.2 km CSmitfi, 19701 . 
Fig. 4.5 dep ic t s  t h e  Wairakei high a s  a north-south r idge  showing 
l i t t l e  i f  any c o r r e l a t i o n  t o  the  boundaries of the  geothermal f i e l d .  Yet 
the re  i s  a strongly-suggestive genetic r e l a t i o n s h i p  between t h e  southern 
por t ion  of t h e  g rav i ty  high and t h e  Target Magnetic Anomaly of Modriniak & 
Studt  (1959). I f  both t h e  Target Magnetic Anomaly and the  Wairakei g rav i ty  
high share a common source it i s  d i f f i c u l t  t o  envisage t h i s  source a s  
due e i t h e r  t o  a greywacke basement high (as  greywacke i s  non-magnetic) 
o r  t o  hydrothermal a l t e r a t i o n  within t h e  volcanic cover (as hydrothermal 
a c t i v i t y  i s  thought t o  destroy magnetite (Studt ,  1959)) .  However, it i s  
poss ib le  t o  t e s t  t h e  supposit ion t h a t  t h e  source of the  gravi ty  h i g h  is  
due t o  densi ty d i f fe rences  within the  top  1 km of volcanic cover by 
making t h e  following t e s t .  
Densit ies  f o r  t h e  top 1 km of bores 71 and 121 t o  the  west of  
t h e  Waikato River w e r e  compared agains t  d e n s i t i e s  within t h e  top 1 km of 
bores 227, 225 and Th2 t o  t h e  e a s t  of t h e  r i v e r .  Mean d e n s i t i e s  wi th in  
t h e  f i r s t  and second 500 m of these  two columns were averaged a s  depicted 
i n  f i g .  4.6. By approximating the  top 1 km of these  two columns t o  
i n f i n i t e  Bouguer p l a t e s  it can be seen t h a t  t h e  gravi ty  e f f e c t  of t h e  
western column i s  90 vN/kg g rea te r  than t h a t  of  the  eas tern  column. The 
di f ference  i s  due t o  t h e  presence of a t h i n  l ens  of andes i te  and a 
th icker  sequence of Wairakei ignimbrite  ( F  = 2.36 ~ g / m ~ )  i n t h e  second 
500 m of the  western column ( f i g .  4.6) a s  opposed t o  Wairoa formation 
(pumice breccia)  of mean densi ty  2.01 ~ g / m ~  i n  t h e  second 500 m of t h e  
eas te rn  column. 
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Fig.  4.6 A comparison of d e n s i t i e s  from Wairakei bore  ho les  on e i t h e r  s i d e  
of t h e  Waikato ~ i v e r .  Pos i t ions  of t h e  bore holes  a r e  shown i n  
f i g .  4.5,  d r e f e r s  t o  t h e  mean dens i ty  (yg/m3) of t h e  indica ted  
500 m t h i c k  sec t ion  and n  is  t h e  number of dens i ty  determinations 
used t o  es t imate  5 .  The g rav i ty  d i f fe rence  c a l c u l a t i o n  was made 
assuming an i n f i n i t e  Bouguer p l a t e  conf igura t ion .  
Therefore the  Wairakei g rav i ty  high may be accounted f o r ,  i n  
t o t a l ,  by a l a t e r a l  v a r i a t i o n  of volcanic rock type. Moreover t h i s  
l a t e r a l  v a r i a t i o n  of  dens i ty  wi th in  the  volcanic cover i s  no t  necessar i ly  
due t o  hydrothermal dens i f i ca t ion .  The mean dens i ty  of Wairakei 
ignimbri te  within t h e  depth range 500-1000 m of  bore 121 i s  2.36 Mg/m3; 
a  value s i m i l a r  t o  t h a t  of the  unaltered Rangitaiki  ignimbri te  
C; = 2.35 Mg/m3, t a b l e  4 .l) t h a t  is  found outcropping on the  Kaingaroa 
p la teau  t o  t h e  e a s t ,  and which Martin (1961) considers  a s  being a 
c o r r e l a t i v e  of t h e  Wairakei ignimbri te .  
The evidence f o r  hydrothermal dens i f i ca t ion ,  a s  ou t l ined  by 
Hochstein & Hunt (1970), a t  Broadlands i s  c l e a r .  A t  Kawerau t h e r e  i s  
poss ib ly  an upward b i a s  o f  0.1 Mg/m3 from hydrothermal dens i f i ca t ion  
while a t  Wairakei, i f  hydrothermal d e n s i f i c a t i o n  i s  present ,  it is n o t  
c l e a r l y  manifested i n  t h e  r e s idua l  g rav i ty  anomalies. 
4.2.5 S t a t i s t i c a l  ana lys i s  of the  dens i ty  da ta  
The da ta  s e t  shown i n  f i g .  4.3 was so r t ed  according t o  l i tho logy  
i n t o  groups of pumice and t u f f ,  breccia ,  sandstone and s i l t s t o n e ,  
ignimbri te ,  r h y o l i t e ,  d a c i t e  and andes i te .  A s  d i f f e r e n t  geo log i s t s  
have logged t h e  various cores the re  may be inconsis tencies  between 
c l a s s i f i c a t i o n s .  
Table 4.2 gives t h e  r e s u l t s  of  four  one-way ana lys i s  of var iance  
runs between depth, dens i ty ,  loca t ion  and l i tho logy  from which t h e  
following a r e  noted. 
U)  Mean d e n s i t i e s  of r h y o l i t e s  and ignimbri tes  from bore-holes a r e  
not  appreciably d i f f e r e n t  from those  of su r face  samples a s  shown 
i n  t a b l e  4.1. I n  c o n t r a s t ,  bore-hole pumice-tuff and b recc ias  
a r e  more dense than t h e i r  equivalent  su r face  samples. 
Table 4.2 Analys i s  o f  va r i ance  t a b l e s  : Borehole d a t a  
a )  Depth and d e n s i t y  a g a i n s t  l o c a t i o n  
Locat ion Mean depth S.D. Mean d e n s i t y  S.D. n 
(m). (m1 (Mg/m3 ( W m 3  1 
Kawerau 629 290 2.31 0.22 173 
Orakeikorako 553 334 2.17 0.29 106 
Wairakei 654 404 2.12 0.22 322 
Broadlands 633 376 2.21 0.26 344 
Whakamaru 56 4 6 2.28 0.15 6 6 
b )  Densi ty  and dep th  v e r s u s  l i t h o l o g y  
Li thology Mean dep th  S.D. Mean d e n s i t y  S.D. n 
(m1 (m)  (Mg/m3 1 (Mg/m3 1 
Sands t one  377 257 1.95 0 .21  8 5 
Brecc ia  701 361 2.15 0.21 216 
Rhyol i te  476 246 2.27 0.18 2 38 
Ign imbr i t e  642 380 2.33 0.15 175 
Dac i te  581 324 2.34 0.17 2 4 
Andesi te  800 250 2.50 0.14 4 6 
S.D. = s t anda rd  d e v i a t i o n  
n = number of samples used i n  t h e  a n a l y s i s  
Mean d e n s i t y  and dep th  of  whole d a t a  s e t  equa l s  2.20 ~ ~ / m ~  and 
593 metres  r e s p e c t i v e l y .  
Wairakei 
AI1 bore hole samples 
Fig.  4.7 A histogram p l o t  i l l u s t r a t i n g  t h e  h iaher  percentage of 
andes i te  and r h y o l i t e  wi th in  t h e  Kawerau bore holes 
than elsewhere. d r e f e r s  t o  t h e  mean dens i tv  i n  
of t h e  r e spec t ive  l i t h o l o g i e s  . 
(2) Andesite is found a t  a g rea te r  mean depth than any of t h e  o t h e r  
l i t h o l o g i e s  and represents  about 5% of a l l  the  bore hole  samples. 
This i s  s l i g h t l y  d i f f e r e n t  t o  t h e  volume est imates of Cole (1979), 
based p r i n c i p a l l y  on surface  exposures, which gives andes i t e  a s  
making up 2.1% of a l l  the  volcanics  wi th in  the  Taupo Volcanic Zone. 
( 3 )  Densi t ies  a t  Kawerau a r e  appreciably higher than f o r  the  o the r  
l o c a l i t i e s .  The d i f ference  a r i s e s  from a g rea te r  proport ion of  
andes i te  and r h y o l i t e  present  i n  t h e  Kawerau volcanic cover than 
a t  o the r  l o c a l i t i e s .  Fig. 4.7 shows a histogram p l o t  i l l u s t r a t i n g  
t h i s  po in t .  
(4)  The mean dens i ty  and depth f o r  t h e  whole da ta  s e t  i s  2.20 Mg/m3 and 
593 m r e spec t ive ly .  Thus, by assuming a basement dens i ty  of  
2.65 Mg/m3 one can s t a t e  t h a t  t h e  mean dens i ty  con t ras t  a t  a 
depth of  about 600 m i s  -0.45 Mg/m3. 
The 1011 d a t a  po in t s  of f i g .  4.3 were f u r t h e r  c l a s s i f i e d  
according t o  l o c a t i o n  and rep lo t t ed  i n  f i g .  4.8. Within each p l o t  a 
broad d i s t i n c t i o n  i s  made between "pyroclas t ic"  and "lava" type 
l i t h o l o g i e s  i . e .  pumice, t u f f ,  breccia ;  sandstone and ignimbri te  t a k e  
the  former and r h y o l i t e ,  d a c i t e  and andes i t e  the  l a t t e r  c l a s s i f i c a t i o n .  
A comparison of  t h e  four p l o t s  i n  f i g .  4.8 r evea l s  a g r e a t e r  
s c a t t e r  of da ta  on t h e  Broadlands p l o t  than on the  o the r  th ree ;  t h i s  
is  poss ib ly  t h e  r e s u l t  of the  more in tense  hydrothermal d e n s i f i c a t i o n  
a t  Broadlands than elsewhere. Accordingly dens i ty  d i s t r i b u t i o n s  f o r  
each l i tho logy  were reca lcula ted ,  l e s s  t h e  da ta  from Broadlands, and 
a r e  shown i n  histogram form by f i g .  4.9. Comparison of f i g .  4.9 wi th  
t h e  da ta  i n  t a b l e  4.2 shows t h a t  e l iminat ion  of  the  Broadlands d a t a  
r e s u l t s  i n  a reduct ion  of t h e  mean d e n s i t i e s  of  pumice-tuff and b recc ias  
y e t  l i t t l e  change i n  the  o the r  l i t h o l o g i e s .  
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Fig. 4.8 Density versus  depth da ta  from four l o c a l i t i e s  wi th in  t h e  
Central  Volcanic Region. The l i t h o l o g i c a l  d i s t i n c t i o n  
between "lavas" and "pyroclas t ic"  was made a s  described 
i n  t h e  t e x t .  Densi t ies  i n  ~ ~ / m ~  and depth i n  metres. 
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Fig.  4.9 Histogran p l o t  showing t h e  dens i ty  s t a t i s t i c s  of  a l l  
bore hole  d a t a ,  l e s s  t h a t  frorr. Broadlands. 
- 
n = number of  dens i ty  determinations,  d = mean dens i ty ,  
s .d.  = standard deviat ion.  
4.2.6 Numerical density - depth functions 
The data and analyses of the previous sections have shown that 
lateral variations in density that occur within the volcanic cover 
may cause gravity anomalies up to 100 p~/kg in amplitude and 10 km in 
wavelength. These lateral variations may be due to hydrothermal 
densification or just a lateral variation in unaltered rock types 
within the volcanic cover. Thus the density with depth behaviour of 
the volcanic cover is dependent on the order of stratigraphic layering 
as well as compaction due to geostatic pressure. Despite this it is 
useful to attempt to develop a generalised density-depth function from 
the bore-hole density data which can then be used as a standard of 
comparison for density-depth functions derived subsequently by other means. 
The Wairakei and Kawerau data sets were chosen for the purpose of 
developing numerical density-depth functions. The mathematical form 
of the function used to simulate the density-depth behaviour is the 
exponentially decreasing density contrast function described by 
Cordell (1973) : 
where Ap = density contrast, Apo = density contrast at z=0 and 
z is depth increasing downwards. With this form of function a basement 
density must be assumed which will also be the limiting density that 
the volcanic cover is constrained to approach at large depths. Because 
the residual gravity anomalies derived in chapter 3 represent the gravity 
effect of rocks whose densities differ from that of greywacke, a basement 
density of 2.65 ~ ~ / m ~  is adopted; this being the mean density of 
greywacke rocks found on either side of the Central Volcanic Region 
(table 4.11. In order to keep the model simple it is assumed that this 
densi ty  i s  appl icable  t o  the  f i r s t  few kilometres of depth f o r  the  
greywacke c r u s t  t h a t  f lanks  t h e  Region. F ina l ly ,  note t h a t ,  a s  
discussed i n  t h e  in t roduct ion  t o  t h i s  chapter ,  l inking the  basement 
dens i ty  t o  t h a t  of  greywacke does not  necessa r i ly  imply t h a t  t h e  
basement rocks of the  Central  Volcanic Region a r e  i n  f a c t  greywacke. 
A dens i ty-contras t  function of the  form given i n  equation 4.2 
has severa l  advantages over t h e  previously adopted function 
Ap = constant .  F i r s t l y ,  a  v i s u a l  inspect ion  of the  da ta  i n  f i g s  4.3 
and 4.8 suggests t h a t  it i s  more r e a l i s t i c  and secondly a few simple 
manipulations (Cordell ,  1973) of equation 4.2 leads  t o  the  fol lowing 
r e s u l t s  : 
a )  For an i n f i n i t e  Bouguer p l a t e  of  thickness h with a 
dens i ty  c o n t r a s t  given by equation 4.2 t h e  g rav i ty  e f f e c t  w i l l  be 
'slab = (2xGApo/bl (l-exp (-hb) 1 
where G = g r a v i t a t i o n a l  constant .  
b )  The maximum poss ib le  g rav i ty  e f f e c t  from an i n f i n i t e l y  
t h i c k  s l a b  with a dens i ty  c o n t r a s t  given by equation 4.2 i s  
The dens i ty  versus depth da ta  from Wairakei and Kawerau ( f i g .  4.8) 
were f i t t e d  t o  equation 4.2 and t h e  r e spec t ive  values of Ap and t h e  0 
exponential c o e f f i c i e n t  b were determined by l e a s t  squares; t h e  r e s u l t s  
a r e  given i n  t a b l e  4.3. Fig. 4.10 shows t h e  mean and standard dev ia t ion  
of successive groups of 10 dens i ty  values p l o t t e d  aga ins t  depth f o r  the  
Wairakei and Kawerau da ta ;  superimposed on these  p l o t s  a r e  the  derived 
dens i ty  contrast-depth functions.  
Table 4 .3  Resul t s  of  f i t t i n g  t h e  Wairakei and Kawerau d a t a  t o  
t h e  func t ion  Ap = Ap exp(-bz) where Ap = d e n s i t y  c o n t r a s t ,  
0 
Ap0 = d e n s i t y  c o n t r a s t  a t  z  = 0 .  A basement dens i ty  of 
2 -65 Mg/m i s  assumed. 
Wairakei Kawerau 
Parameter va lues  : b  (km-') 
Std.  e r r o r  ( ~ ~ / m ~  ) 
N (samples) 
Gravi ty e f f e c t  of 2 km 
t h i c k  s l a b  (uN/kg) 
Maximum ob ta inab le  
g r a v i t y  e f f e c t  (yN/kg) 
Density p red ic t ed  a t  
a  depth of  2 km ( M C J / ~ ~ )  
Density, Mglm3 
1.8 2.0 2.2 2.4 t 2.6 
-0.95 - 0.75 - 0.53 - 0.35, - 0.15 
Density contrast 
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Fig.  4.10 P l o t  of mean and standard devia t ions  f o r  
successive (with depth) groups of 10 densi ty-  
depth p a i r s  from Wairakei and Kawerau. Dashed 
l i n e s  a r e  the  density-depth curves given i n  
t a b l e  4.3 and t h e  dens i ty  c o n t r a s t  i s  with 
r e spec t  t o  a basement dens i ty  of 2.65 ~ g / r n ~ .  
irakei 
4.2.7 Implicat ions of decreasing dens i ty  con t ras t  with depth 
f o r  r e s idua l  gravi ty  i n t e r p r e t a t i o n s  
From f i g .  4.10 it can be appreciated t h a t  t h e  s c a t t e r  of da ta  
is  q u i t e  l a rge .  The standard e r r o r  f o r  t h e  Wairakei f i t t i n g  function 
( t a b l e  4.3) i s  0.15 Mg/m3 so  t h a t  t h e  predicted -340 uN/kg g rav i ty  
e f f e c t  of  a  2 km s l a b  of volcanic cover a t  Wairakei ( t a b l e  4.3) should 
be accompanied by an uncertainty of about '130 UN/kg. However, it 
can a l s o  be  observed from f i g .  4.10 t h a t  t h e  s c a t t e r  appears t o  diminish 
with depth. Thus the  predicted dens i ty  of 2.49 Mg/m3 f o r  t h e  volcanic 
cover a t  a  depth of 2  km beneath Wairakei ( t a b l e  4.3) would have an 
associa ted  uncer ta in ty  of about 20 .l ~ ~ / m ~ .  
Also given i n  t a b l e  4.3 a r e  t h e  maximum obta inable  r e s idua l  
gravi ty  anomalies of -270 and -420 uN/kg ca lcula ted  from t h e  Kawerau 
and Wairakei functions respect ive ly .  This ca lcu la t ion  only has meaning 
i f  t h e r e  a r e  no o the r  major dens i ty  inversions deeper than t h e  base of 
t h e  deepest bore  hole fo r  each a r e a ,  and t h a t  the  dens i ty  of t h e  basement 
rocks found each s i d e  of  the  Cen t ra l  Volcanic Region i s  n o t  increas ing 
appreciably with depth. Without f u r t h e r  da ta  both of these  assumptions 
remain open t o  quest ion.  
Adoption of a  constant  d e n s i t y  con t ras t  permits any magnitude 
of r e s i d u a l  g rav i ty  anomaly t o  be  explained merely by inc reas ing  t h e  
depth of t h e  volcanic cover whereas use of the  exponential dens i ty  
c o n t r a s t  funct ion  imposes an upper l i m i t  t o  t h e  magnitude of  r e s i d u a l  
gravi ty  anomaly t h a t  can be a t t r i b u t e d  t o  the  volcanic cover alone. 
Moreover a  decreasing densi ty c o n t r a s t  with depth implies a  l o s s  of 
basement r e s o l u t i o n  a s  the  volcanic cover becomes th icke r .  Fig. 4 -11  
i l l u s t r a t e s  t h e s e  points ,  Here two hypothet ica l  models o f  negative mass 
Fig. 4.11 Calculated gravi ty  e f f e c t s  f o r  two hypothet ica l  models t h a t  
demonstrate t h e  d i f fe rence  between a cons tant  dens i ty  
c o n t r a s t  funct ion  and an exponential ly decreasing dens i ty  
c o n t r a s t  funct ion .  
anomalies a r e  shown along with t h e i r  associa ted  gravi ty  e f f e c t s  
ca lcu la ted  f o r  both a  cons tant  -0.4 M C J / ~ ~  dens i ty  c o n t r a s t  and the  
Wairakei exponential densi ty-contrast  function.  For model 1, which i s  
2 km t h i c k ,  t h e  r e spec t ive  gravi ty  e f f e c t s  ca lcula ted  with e i t h e r  
dens i ty  c o n t r a s t  function a r e  s imi lar .  Thus a  dens i ty  c o n t r a s t  of 
3 
-0.4 Mg/m appears t o  be  a  reasonable approximation t o  t h e  Wairakei 
dens i ty  da ta  when i n t e r p r e t i n g  a  2 km th ick  sec t ion  of volcanic cover. 
For model 2 ,  which has a  maximum thickness o f  4  km, the  respect ive  
ca lcu la ted  g rav i ty  e f f e c t s  dev ia te ,  p a r t i c u l a r l y  i n  the  middle of t h e  
3 p r o f i l e ,  i nd ica t ing  t h a t  t h e  -0.4 Mg/m densi ty  c o n t r a s t  i s  not  a  good 
approximation t o  t h e  Wairakei dens i ty  da ta  when deal ing  with volcanic 
cover sequences 4  km th ick .  
Of f u r t h e r  note i n  f i g .  4.11 i s  t h a t  the  ca lcu la ted  gravi ty  
e f f e c t s  with the  exponential dens i ty  c o n t r a s t  function f o r  model 1 and 2 
a r e  s i m i l a r  d e s p i t e  t h e  gross geometrical d i f ferences  between the  two 
models. This underl ines t h a t  i n  r e a l i t y  g rav i ty  i n t e r p r e t a t i o n s  w i l l  
be  r a t h e r  i n s e n s i t i v e  t o  t h e  r e so lu t ion  of basement topography, and 
i n  pa r t i cu la r ,  at tempts t o  determine t h e  thickness of  volcanic cover 
wi th in  t h e  Central  Volcanic Region from t h e  i n t e r p r e t a t i o n  of r e s idua l  
gravi ty  anomalies alone w i l l  be bese t  with uncer ta in ty .  
The d iscuss ion s e t  o u t  above once again r a i s e s  t h e  quest ion of 
the  meaning f o r  the  terms "cover" and "basement" a s  appl ied  t o  t h e  
upper c r u s t a l  rocks of t h e  Centra l  Volcanic Region. On t h e  b a s i s  of t h e  
da ta  and i n t e r p r e t a t i o n s  presented i n  t h i s  chapter ,  t h e  physica l  boundary 
between basement and cover f o r  the  Centra l  Volcanic Region is  gradat ional ,  
occurs somewhere between 2 and 3 km and t h e r e  i s  no evidence a s  y e t  t o  
suggest t h e  boundary i s  a  l i t h o l o g i c a l  one. 
4.2.8 Synopsis of t h e  dens i ty  versus depth da ta  
Three p r inc ipa l  po in t s  emerge from t h i s  analys is :  
1) La te ra l  dens i ty  c o n t r a s t s  e x i s t  wi th in  t h e  top  1 km of volcanic 
cover which may give r i s e  t o  l o c a l  g rav i ty  anomalies of wavelength 
10 km and amplitude 100 uN/kg. These l a t e r a l  va r i a t ions  may no t  
necessar i ly  be  due t o  hydrothermal d e n s i f i c a t i o n  bu t  merely d i f fe rences  
i n  the  densi ty o f ,  say,  unaltered b recc ia  t o  unaltered ignimbri te .  
This was the  point  made i n  the  analys is  of t h e  Wairakei gravi ty  
high ( sec t ion  4.2 -4 )  . 
2)  Hydrothermal d e n s i f i c a t i o n  t h a t  is manifested i n  dens i ty  and 
hence g rav i ty  anomaly da ta  from Broadlands, and t o  a l e s s e r  ex ten t  
Kawerau, does no t  appear t o  be a s  prominent i n  the  da ta  from Wairakei. 
3) The increase  of dens i ty  with depth f o r  the  volcanic rocks of  t h e  
Central  Volcanic Region i s  such t h a t  d e n s i t i e s  approaching 2.60 ~ ~ / m ~  
a r e  predicted t o  occur i n  t h e  depth range of 2-3 km. 
The quest ion of whether the  dens i ty  with depth data  presented 
here  is  appl icable  t o  those  p a r t s  of the  volcanic region ou t s ide  of t h e  
geothermal f i e l d s  i s  s t i l l  unanswered, A t  Kawerau it was shown t h a t  t h e  
anomalously high d e n s i t i e s ,  with r e spec t  t o  say those a t  Wairakei, can 
i n  p a r t  be  explained by hydrothermal d e n s i f i c a t i o n  and i n  p a r t  by 
g r e a t e r  amounts of r h y o l i t e  and andes i te  wi th in  the  volcanic cover. A t  
Wairakei the  l o c a l  gravi ty  high appears t o  be  associa ted  with a denser 
volcanic  u n i t  wi th in  t h e  volcanic cover, and i n  consequence t h e  e f f e c t s  
of hydrothermal dens i f i ca t ion  a t  Wairakei a r e  d i f f i c u l t  t o  a s sess  from 
the  g rav i ty  da ta  alone. An add i t iona l  problem t h a t  bese t s  analyses of 
bore-hole samples i s  t h a t  of sampling b i a s .  I t  could be  t h a t  t h e r e  was 
an inheren t  b i a s  t o  s e l e c t  t h e  more competent, hence more dense, samples 
of rock when t h e  cores were i n i t i a l l y  recovered. Given these  
uncer t a in t i e s  it would b e  des i rab le  t o  have some means o f  checking whether 
o r  not the  Wairakei dens i ty  versus depth data  i s  appl icable  t o  regions 
outs ide  of t h e  geothermal f i e l d s .  
A t  Broadlands, seismic v e l o c i t i e s  of 1.7 t o  4.0 km/s have been 
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associa ted  wi th  formations whose d e n s i t i e s  range from 1.8 t o  2.4 Mg/m 
respect ive ly  (Hochstein & Hunt, 1970).  Furthermore, these  authors found 
t h a t  j u s t  a s  d e n s i t i e s  increased with rank of hydrotherm-a1 a l t e r a t i o n  
so did seismic v e l o c i t i e s .  Seismic r e f r a c t i o n  techniques, the re fo re ,  
o f f e r  a  p o t e n t i a l l y  promising method of  checkin? the  Wairakei dens i ty  
versus depth re l a t ionsh ip .  The q u a n t i t a t i v e  l i n k  between g rav i ty  and 
seismic r e f r a c t i o n  i n t e r p r e t a t i o n s  i s  an empirical r e l a t i o n s h i p  between 
ve loc i ty  and dens i ty .  This i s  t h e  t o p i c  t o  be discussed next.  
4.3 Seismic ve loc i ty  versus dens i ty  r e l a t ionsh ips  
4.3.1 In t roduct ion  
Combining g rav i ty  and seismic r e f r a c t i o n  techniques f o r  a  
uni f ied  c r u s t a l  s t r u c t u r e  i n t e r p r e t a t i o n  i s  a  s t r a t egy  t h a t  has 
e f f e c t i v e l y  been employed i n  t h e  p a s t  (e.g. Woollard, 1959).  The 
u l t ima te  ef fec t iveness  of such a  combination r e s t s  on the  knowledge of 
an empirically-derived r e l a t i o n s h i p  between densi ty and seismic ve loc i ty .  
Commonly quoted is  the  veloci ty-densi ty curve of Nafe-Drake 
( i n  Grant & West, 1965) based on about 500, i n  situ measurements of 
water s a t u r a t e d ,  sedimentary rocks,  A funct ional  r e l a t i o n s h i p  t h a t  
c lose ly  approximates the  Nafe-Drake curve,  f o r  sedimentary rocks,  i s  
given by Gardner a l .  (1974) a s  p = .23V -25 .  Birch (1961) presented 
P  
a formal analys is  of t h e  veloci ty-densi ty r e l a t ionsh ip  by proposing 
an equation of the  form p = A(;) + BV , where i s  the  mean atomic 
P 
weight of t h e  l i thology under considerat ion.  H i s  work was based on 
labora tory  determinations of  ve loc i ty  a t  100 MPa t o  ensure t h a t  poros i ty  
had e s s e n t i a l l y  vanished. Since Birch ' s  work various workers i n  t h i s  
f i e l d  have advanced modificat ions t o  h i s  equation. For example, 
Simrnons (1964) introduced a co r rec t ion  f a c t o r  f o r  t h e  CaO content 
of  t h e  rock type under inves t iga t ion .  
Rather than a r b i t r a r i l y  adopt one of t h e  above re la t ionsh ips  
it was decided t o  i n v e s t i g a t e  the  veloci ty-densi ty r e l a t ionsh ip  of rock 
samples taken from wi th in  the  Central  Volcanic Region i t s e l f .  
4.3.2 Laboratory work 
Rock samples were c u t  i n t o  rectangular  o r  c y l i n d r i c a l  shapes 
with p a r a l l e l  faces and sa tu ra ted  f o r  24 h r  under reduced pressure ,  
following which t h e i r  u l t r a s o n i c  v e l o c i t i e s  were measured with a "Pundit" 
device. Detai ls  o f  t h e  experimental work a r e  given and t h e  r e s u l t s  
l i s t e d  i n  Appendix B.  Typical ly,  veloci ty-densi ty r e l a t ionsh ips  f o r  
su r face  samples measured a t  atmospheric pressure  d i sp lay  a wide s c a t t e r  
(e.g. Golizdra, 1978a). I n  an e f f o r t  t o  subdue t h i s  s c a t t e r  a  l a r g e  
percentage of samples used f o r  t h i s  study were from boreholes. The 
assumption here  being t h a t  r e l axa t ion  of t h e  g e o s t a t i c  compaction e f f e c t ,  
s ince  withdrawal from t h e  subsurface,  w i l l  be i n s i g n i f i c a n t .  
Veloci t ies  determined by the  u l t r a s o n i c  pu l se  technique should 
b e  t r e a t e d  with caut ion  when compared t o  f i e l d  determined v e l o c i t i e s .  
Laboratory-determined v e l o c i t i e s  can genera l ly  be  l e s s  confidently 
r e l a t e d  t o  f i e l d  measurements than dens i ty  o r  poros i ty  because 
compressional ve loc i ty  i s  determined by f a c t o r s  o the r  than l i tho logy ;  
i . e .  o ther  than mineralogy and t ex tu re .  It can be a f fec ted  by f r a c t u r e s ,  
f ab r i c ,  cementation and pressure (Press ,  1966).  Moreover, Geertsma (1961) 
showed t h e o r e t i c a l l y  t h a t  u l t r a son ic  v e l o c i t i e s  a r e  somewhat frequency- 
dependent f o r  water-saturated rocks with moderate p o r o s i t i e s  (13 t o  29% 
a t  82 kHz) . However, the  predicted d i f fe rences  between sonic and 
u l t r a son ic  d a t a  a r e  not  l a r g e  ( l e s s  than 5%) and no attempt has been 
made t o  take  t h e  e f f e c t  of frequency dependence i n t o  account f o r  t h i s  
study. 
Relat ing labora tory  measurements t o  f i e l d  determinations of 
seismic ve loc i ty  i s  fu r the r  complicated by a sampling b ias .  Only competent 
looking rocks were se lec ted  a s  t h e  more f r i a b l e  specimens would no t  s tand 
up t o  c u t t i n g  and pol ish ing.  This b i a s  should, however, a f f e c t  both 
dens i ty  and v e l o c i t y  i n  t h e  same d i rec t ion .  For example, two hydro- 
thermally a l t e r e d  and dens i f ied  t u f f s  from borehole BR2, a t  Broadlands, 
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with d e n s i t i e s  2.48 and 2.52 Mg/m gave respec t ive  u l t r a son ic  v e l o c i t i e s  
of 4 -74 and 4.88 km/s . 
4.3.3 Data and conclusions 
Fig  -4.12 shows densi ty-veloci ty da ta  measured f o r  t h i s  s tudy,  
112 samples were measured including a few greywackes, d i o r i t e s  and 
andes i tes  from a reas  bordering the  Centra l  Volcanic Region. Superimposed 
on f i g .  4.12 i s  t h e  Nafe-Drake curve and a l e a s t  squares l i n e a r  f i t  
t o  the  da ta  l e s s  t h e  greywacke samples. For t h e  l i n e a r  f i t  a  c o r r e l a t i o n  
c o e f f i c i e n t  of 0.65 was obtained. That i s ,  65% of the  v a r i a t i o n  of 
dens i ty  may be  accounted f o r  by i t s  c o r r e l a t i o n  with ve loci ty .  The 
standard dev ia t ion  of  r e s idua l s  t o  t h i s  f i t  i s  0.16 ~ g / m ~ .  The s i m i l a r i t y  of 
t h i s  r e l a t i o n s h i p  t o  those of Nafe-Drake ( s e e  appendix B) and Golizdra (1978a) 
m =Field determinations 
Fiq. 4.12 Seismic ve loc i ty  versus dens i ty  da ta  f o r  rock sam.ples 
from wi th in  and bordering the  Centra l  Volcanic Region. 
F ie ld  determinations a r e  taken from Hochstein & Hunt 
(1970) and S tud t  (1958) . The l e a s t  squares f i t  was 
made on the  displayed da ta ,  l e s s  t h e  greywacke samples 
(see  appendix B ) .  
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i s  c l o s e  suggesting a fundamental velocity-density re la t ionship  fo r  
moderate porosity sedimentary rocks from e i t h e r  water-derived o r  
volcanic a f f i n i t i e s  . 
Three fu r ther  points t o  note are:  1) The group of andesites,  
d i o r i t e s  and greywackes ( a l l  surface samples) f a l l  beneath the Nafe-Drake 
curve i n  f i g .  4.12, This i s  ra t iona l i sed  by considering the experimental 
work of Birch (1960) which indicates  t h a t  surface  rocks under t he  f i r s t  
100 MPa of applied pressure would show an approximate 10% increase i n  
compressional veloci ty  with only a minor concomitant change i n  density.  
2) A c loser  examination of the  andesite-diorite-greywacke grouping of 
f i g .  4.12 reveals a random intermingling of these three  rock types. 
Lithological  d i s t inc t ions ,  therefore ,  made on t he  bas i s  of "basement" 
seismic ve loc i t i es  would be hazardous. 3) The Nafe-Drake curve o f f e r s  
a reasonable approximation t o  t he  borehole data  and w i l l  therefore be 
adopted fo r  t h i s  study. A conversion tab le  based on t h i s  curve i s  given 
i n  appendix B .  
The analysis  of rock property data has reached the point  of 
providing two re la t ions  between three  parameters: i . e .  density versus 
depth (borehole data)  and velocity versus densi ty  (laboratory measurements). 
To complete the  analysis  a t h i r d  re la t ionsh ip  between velocity and depth 
i s  required. 
4.4 Velocity versus depth functions 
Robinson e t  a l .  (1981) carr ied ou t  a reconnaissance re f rac t ion  
survey between lakes Taupo and ~ h a k u r i .  Two shots were f i r e d  i n  Lake Taupo 
and one i n  Lake Ohakuri with a seismograph layout a s  shown i n  f i g .  4.13. 
The time-distance p l o t ,  i r respec t ive  of path azimuth, defines two c l ea r  
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Fig. 4.13 Diagram showing the location,  r e su l t s  and in te rpre ta t ion  
of the Taupo re f rac t ion  survey as presented by 
Robinson et  a l .  (1981). A l l  a r r iva l s  from both shot 
points a r e  projected onto one branch of the  time-distance 
graph and crosses represent second a r r iva l s ,  
l i n e s  whose gradients suggest t he  presence of subsurface refractors  with 
ve loc i t i es  of 3.20 and 5.45 km/s. The simplest in te rpre ta t ion  of the  
data  i s  t h a t  an approximately horizontal  5.45 km/s re f rac tor  underlies 
t he  area  shown i n  f i g .  4.13 a t  a depth of 2 km. The c ruc ia l  point  t o  be 
noted i s  t h a t  the  time-delay due t o  the  volcanic cover fo r  s ta t ions  near 
Wairakei and those t o  t he  west a r e  iden t ica l .  Residual gravity anomalies 
fo r  these  two areas d i f f e r ,  however, by nearly 200 uN/kg, indicating 
t h a t  some of t he  res idual  gravi ty  f i e l d  i s  due t o  causes other than the  
volcanic cover; t h i s  aspect of t h e  data w i l l  be discussed again i n  the  
next chapter. 
From t h e i r  time-distance data Robinson e t  aZ. derived and 
presented two velocity versus depth functions; one a s t e p  function made 
under the  assumption of a subsurface consis t ing of d i s c r e t e  isovelocity 
layers  and the other a smooth function which assumes a continuously 
increasing veloci ty  with depth. These functions a r e  shown i n  f i g .  4.14. 
Also shown i n  f i g .  4.14 a r e  the  conversions of the  two veloci ty  
versus depth functions, by the  Nafe-Drake curve, t o  density versus depth. 
The Wairakei density versus depth curve i s  superimposed fo r  comparison. 
I t  can be seen t h a t  the re  i s  a c lose  correspondence between the  cumulative 
gravity anomalies derived from t h e  Wairakei density-depth curve (based 
on bore hole density data)  t o  a depth of 2 km, the  d i s c r e t e  layered 
density-depth curve t o  a depth of 2 km, which i s  based on a conversion of 
observed seismic ve loc i t i es  t o  dens i t i es ,  and t he  continuous density- 
depth curve t o  a depth of 3 kmwhich is  a l so  based on a conversion of 
observed seismic ve loc i t i es  t o  dens i t i es .  
Thus there  i s  a three-way, mutual consistency between, 1) density 
versus depth data  from bore holes a t  ~ a i r a k e i ,  2) ve loc i ty  versus depth 
data  from the  Taupo survey, and 3 )  t h e  veloci ty  versus density function of 
Taupa 
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Fig. 4.14 Velocity and dens i ty  versus depth functions f o r  t h e  Taupo-~hakuri-Tihoi region. On the  
l e f t  a r e  t h e  ve loc i ty  versus depth functions supplied by Robinson e t  aZ.(1981). The 
r i g h t  hand graph represents  a conversion, by the  Nafe-Drake r e l a t i o n s h i p  (appendix B ) ,  
t o  dens i ty  versus depth. The ~ a i r a k e i  dens i ty  versus depth curve, a s  derived from bore 
hole  da ta ,  i s  shown f o r  comparison. 
Nafe-Drake. This would suggest  then,  t h a t  wi th in  t h e  e r r o r s  and 
assumptions inherent  i n  t h e  r e f r a c t i o n  da ta ,  t h a t  t h e  dens i ty  versus 
depth curve f o r  the  Wairakei region i s  appl icable  t o  much of the  
Taupo-Tihoi-Ohakuri region and no t  j u s t  t o  the  immediate v i c i n i t y  
of t h e  geothermal f i e l d .  
F ina l ly ,  a note about t h e  poss ib le  rock-type represented by 
t h e  5.45 km/s layer  de tec ted  beneath the  Taupo a rea .  Robinson e t  al. 
note t h a t  t h i s  ve loc i ty  i s  " typ ica l  of greywacke". This i s  undoubtedly 
t r u e ,  however, it was pointed o u t  i n  t h e  previous s e c t i o n  t h a t  this 
v e l o c i t y  could a l s o  be  as soc ia ted  with an andes i t e  o r  a d i o r i t e ,  and 
moreover, the  increase  of  dens i ty  with depth wi th in  t h e  volcanic cover 
of  t h e  Region i s  such t h a t  t h i s  ve loc i ty  could a l s o  be  in te rp re ted  a s  
compacted volcanic rocks a t  a depth of 2-3 km. I n  t h i s  regard t h e  
r e s u l t s  ( f i g .  4.15) of a seismic r e f r a c t i o n  experiment c a r r i e d  out  on 
t h e  Snake River P l a i n  o f  t h e  western United S t a t e s  by Pankratz & 
Ackermann (1982) a r e  p e r t i n e n t .  Here a 3 km-deep bore ho le  penetrated 
the  a r e a  of t h e i r  survey t o  show a th ick  sequence o f  Cenozoic r h y o l i t i c  
rocks whose sonic v e l o c i t i e s  va r i ed  from 1 .5  km/s a t  shallow depths, 
t o  about 5.0 km/s a t  a depth of 2.5 h.. Below 2.5 km a r e c r y s t a l l i s e d  
and hydrothermally-altered rhyodacite  ash flow was encountered with 
a sonic  ve loc i ty  of about 5.2 km/s, and whose bulk  v e l o c i t y ,  a s  
determined by the  seismic r e f r a c t i o n  experiment, was found t o  vary 
from 5.2 t o  5.5 km/s ( see  f i g .  4.15) . 
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Fig. 4.15 I n t e r p r e t a t i o n  of a  seismic r e f r a c t i o n  survey made i n  
t h e  Snake River p l a i n  (U.S.A.)  by Pankratz & Akerman,(1982). 
Note t h e  a s soc ia t ion  of the  5.2-5.5 kv./s ve loc i ty  l a y e r  
wi th  the  r h y o l i t i c  rocks found i n  bore INEL-1. L i tho log ica l  
l o g  i s  t h a t  given by S p a r l i n  e t  a l .  (1982). 
4.5 Conclusions 
The prime point  t o  emerge from t h i s  chapter i s  t h a t  the  volcanic 
rocks of the  Central Volcanic Region a r e  capable of  a t t a i n ing  dens i t i e s  
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approaching 2.60 Mg/m a t  a depth of about 2-3 km. Whether o r  not these  
same rocks can be associated with the  5.0-5.5 km/s ve loc i t i e s  detected 
a t  the  same depth beneath t he  Taupo region i s  uncertain.  However, it 
is c l e a r  t h a t  i f  t he r e  i s  a l i t ho log i ca l  t r an s i t i on ,  deeper than t h e  
2.2 km depth of the  deepest bore hole ,  t o  an igneous o r  sedimentary 
basement, topography on such a basement would have l i t t l e  e f f e c t  on the 
res idua l  gravi ty  anomaly f i e l d .  
I n  order t o  account f o r  the  res idua l  gravi ty  anomalies within 
the  Central  Volcanic Region t h a t  a r e  l e s s  than say -500 VN/kg the  
following p o s s i b i l i t i e s  a r e  considered: 
1) There a r e  some l o c a l i t i e s  wi thin  t h e  Region where l a rge  
thicknesses of very low-density pumice-tuff o r  breccia  a r e  found 
i . e .  sequences such a s  t h a t  i n  bore 227. 
2) There a r e  density inversions a t  depths g rea te r  than 2 km due t o  
d i s c r e t e  bodies of molten rhyo l i t e  wi thin  the  upper c r u s t  
(e.g. Rogan, 1980). 
3) The basement rocks of t h e  Central  Volcanic Region possess a small 
bu t  systematic negative densi ty  con t ras t  with respect  t o  the  
basement rocks, a t  an equivalent  depth, t h a t  f lank t he  Region. 
I f  such a density con t ras t  occurred down t o  depths of say 10 km 
o r  g rea te r ,  then the  associated anomalous gravi ty  e f f e c t  would make 
contr ibut ions  t o  both the  res idua l  and regional  gravi ty  anomaly f i e l d ,  
To t e s t  o r  d i f f e r e n t i a t e  between t he  above hypotheses more 
r e f r ac t i on  da ta  from other  p a r t s  of t h e  Central  Volcanic Region a r e  
required.  This is  the  subject  matter of t h e  next chapter .  
CHAPTER 5 SEISMIC REFRACTION SURVEYS CARRIED OUT W I T H I N  THE 
CENTRAL VOLCANIC REGION 
Summary : 
Seismic r e f r a c t i o n  surveys c a r r i e d  o u t  along l i n e s  near 
Mangakino and between Lake Rotoehu and Otamarakau a r e  reported i n  t h i s  
Chapter. I n t e r p r e t a t i o n s  of t h e  da ta  i n  terms of  plane i sove loc i ty  
l a y e r s  show a  shallow-dipping, 4 .8  km/s r e f r a c t o r  a t  a  depth of 2 . 2  km 
beneath Mangakino and f o r  t h e  a rea  j u s t  nor th  of Lake Rotoehu a  
5.5 km/s r e f r a c t o r  a t  a depth of 1 .8  km. 
5 .1  Introduction 
The p r i n c i p a l  ob jec t ives  of the  seismic r e f r a c t i o n  experiments 
described i n  t h i s  chapter  were t o :  i) gain c o n s t r a i n t s  f o r  g rav i ty  
i n t e r p r e t a t i o n s  by determining the  thickness and ve loc i ty  s t r u c t u r e  
of low-velocity volcanic rocks within the  Centra l  Volcanic Region; 
and ii) make in tegra ted  g rav i ty  and seismic i n t e r p r e t a t i o n s  a t  two 
loca t ions  within the  Centra l  Volcanic Region t h a t  were considered 
geophysically i n t e r e s t i n g  - t h e  Mangakino g rav i ty  3ow and the  Otamarakau 
greywacke outcrop. 
Only t h e  s a l i e n t  f e a t u r e s  of t h e  r e f r a c t i o n  i n t e r p r e t a t i o n s  a r e  
presented here. Appendix C contains d e t a i l s  of equipment, short-spread 
i n t e r p r e t a t i o n s ,  and a  q u a n t i t a t i v e  d iscuss ion of e r r o r s  t h a t  may occur 
i n  r e f r a c t i o n  i n t e r p r e t a t i o n s  wi th in  volcanic provinces. 
5.1.1 Previous seismic work wi th in  the  Central Volcanic Region 
Some previous seismic r e f r a c t i o n  and r e f l e c t i o n  surveys made 
wi th in  t h e  Centra l  Volcanic Region have encountered d i f f i c u l t y  due t o  
ground noise  and high a t t enua t ion  of seismic energy wi th in  the  volcanic 
cover (Studt ,  1958; Modriniak & Stud t ,  1959; ~ o c h s t e i n  & Hunt, 1970; 
Rogan, 1980).  Recent r e f r a c t i o n  surveys southeast  of M t  Ruapehu 
(Sissons & Dibble, 1981) and t h e  Taupo survey of Robinson e t  a l .  (19811, 
discussed i n  Chapter 4 have, however, successful ly recorded seismic 
energy over shot-detector  d i s t ances  of up t o  40 km. Deep water ,  o r  
d i s t r i b u t e d  shallow-water sho t s ,  and microearthquake instruments were 
used. Microearthquake recorders have f i l t e r  s e t t i n g s  allowing peak 
responses a t  2-5 Hz whereas most r e f r a c t i o n  seismograph s e t s  have a 
peak response a t  about 14 Hz. Given t h a t  the  a t t enua t ion  c o e f f i c i e n t  
of seismic energy i s  d i r e c t l y  propor t ional  t o  frequency (Dobrin,1976), 
the  r e s u l t s  of these  surveys suggest  t h a t  problems of energy transmission 
may be overcome by working wi th  low-frequency seismic waves. On the  
o ther  hand t h e  use of microearthquake equipment has t h e  disadvantage 
t h a t  t h e  t iming and reading accuracy of microearthquake instruments i s  
somewhat l e s s  than t h a t  of s tandard r e f r a c t i o n  equipment. Moreover, 
the  number of microearthquake instruments,  and hence geophones per  
spread, were l imi ted .  Therefore t h e  surveys described here  a r e  s t r i c t l y  
reconnaissance i n  na ture  and a r e  only capable of d e l i n e a t i n g  the  broad 
s c a l e  s t r u c t u r e .  
Results  of the  Taupo survey and many smaller surveys c a r r i e d  o u t  
within the  Centra l  Volcanic Region a r e  summarised i n  Table 5.1. 
Li thologica l  co r re la t ions  given i n  Table 5.1 a r e  those of t h e i r  
respect ive  authors  and only a t  Broadlands (Hochstein and Hunt, 1970) 
have these  co r re la t ions  been corroborated by d r i l l - h o l e  da ta .  
Table 5 . 1  Some r e s u l t s  of  p rev ious  se i smic  work from o r  ad j acen t  t o  t h e  Cen t r a l  Volcanic Region 
Author S L o c a l i t y  Veloc i ty  range (km/s) Depth range (m] L i t h o l o g i c a l  c o r r e l a t i o n *  
S t u d t  (1958) Kawerau 1.8-2.2 0-100 pumice b r e c c i a  
3.0 >l00 r h y o l i t e  
Modriniak & S t u d t  (1959) Wairakei 1.4-4.0 0-500 pumice, a sh ,  r h y o l i t e  
P 
Hochstein & Hunt (1970) Broadlands 0.4-1.2 0-20 pumice 
1.7-1.9 20-400 pumice-tuf f 
3.4-4.0 >400 r h y o l i t e  
Hochstein & Hunt (1970) Kaingaroa p l a t e a u  3.0-3.4 0-250 ign imbr i t e  
4.3-4.8 >250 greywacke 
CO 
W 
Robinson e t  a l .  (1981) Taupo-Ohakuri 1.5-3.2 0-250 a sh ,  pumice 
3.2 250-2000 ign imbr i t e ,  r h y o l i t e  
5.45 >2000 ? 
Si s sons  & Dibble (1981) S .E.  of M t  Ruapehu 2.0 0-500 l a h a r  d e p o s i t s  and T e r t i a r y  
rocks  
4.95 500-1700 greywacke 
5.4 >l700 greywacke 
- 
Hochstein & Nixon (1979) Hauraki R i f t  0.3-0.8 0-60 Recent sediments 
1 .5  60-100 Quaternary sediments 
3.5-3.7 > l00  greywacke 
Ferguson e t  a l .  (3980) Northern Hauraki 1 . 6  0-300 Quaternary sediments 
R i f t  5.0 300-2500 greywacke 
5.95 >2500 gxeywacke 
* l i t h o l o g i c a l  c o r r e l a t i o n s  a r e  t hose  made by t h e  r e s p e c t i v e  au tho r s .  
5.2 Fie ld  and I n t e r p r e t a t i o n  Methods 
5.2.1 Fie ld  methods 
Both t h e  Rotoehu and Mangakino surveys involved the  pos i t ion ing  
of independent microearthquake recorders along an approximately s t r a i g h t  
l i n e  between two p r i n c i p a l  sho t  po in t s .  Shallow ve loc i ty  information 
f o r  both surveys was obtained by shooting s h o r t  spreads a t  s u i t a b l e  
locat ions  withanRS44 r e f r a c t i o n  seismograph u n i t ;  t h i s  information was 
then u t i l i s e d  i n  t h e  ca lcu la t ion  o f  datum and weathering cor rec t ions  f o r  
a r r i v a l s  from t h e  main shots .  
Three of  t h e  main sho t s ,  El, MS2 and RS1, consisted of 50 kg 
of explosives detonated i n  a  water depth of 10 metres. RS2 involved 
a  75 kg s h o t  i n  t h r e e  metres of water and a l l  sho t s  were f i r e d  dur ing 
the  New Zealand standard time s igna l s ,  which were a l s o  simuLtaneously 
recorded aga ins t  t h e  sho t  i n s t a n t  on a  r a d i o  c a s s e t t e  tape recorder.  
Most of the  microearthquake recorders automatical ly recorded time 
s igna l s  aga ins t  t h e i r  i n t e r n a l  time marks although timing f o r  t h r e e  of 
t h e  seismographs was achieved by recording V.N.G. minute marks a g a i n s t  
t h e i r  i n t e r n a l  timing marks. Measurements of  many time s i g n a l s  on t h e  
seismographs ind ica ted  t h a t  the  maximum timing e r r o r  of these  instruments 
was l e s s  than 0.05 sec .  S t a t i o n  pos i t ions  were determined t o  an 
estimated p rec i s ion  of LOO metres on topographical  maps of s c a l e  
1:63 360 and, f o r  the  s t a t i o n s  i n  the  Mangakino region,  1:20 000. 
Heights were determined t o  25 metres by barometric l eve l l ing .  
5.2.2 I n t e r p r e t a t i o n  methods 
Seismic r e f r a c t i o n  observations c o n s t i t u t e  a  s e t  of number p a i r s  
i n  d is tance  and time. The f i r s t  dec is ion  faced by the  i n t e r p r e t e r  i s  
whether t o  f i t  a s e r i e s  of contiguous s t r a i g h t - l i n e  segments o r  a 
continuous smooth curve t o  the  da ta .  Impl ic i t  i n  t h e  s t r a i g h t - l i n e  
segment choice i s  t h a t  the  subsurface cons i s t s  of a s e r i e s  of plane 
i sove loc i ty  l aye r s  whereas, on t h e  o the r  hand, f i t t i n g  a smooth curve 
through t h e  da ta  implies a subsurface model where v e l o c i t y  increases  
continuously with depth. Fig. 5 .1  i l l u s t r a t e s  the  d i f fe rences  between 
these  two i n t e r p r e t a t i o n  models. Both methods r e l y  on the re  being an 
inc rease  of  ve loc i ty  with depth; the  presence of a low-velocity l aye r  
wi th in  the  subsurface w i l l  l ead  t o  erroneous depth es t imates .  
Although the  assumption of a continuous o r  d i s c r e t e  increase  of 
v e l o c i t y  with depth can be made with some confidence f o r  say f i n e  grained 
sediments deposited i n  a marine environment, it is  doubtful  i f  t he  same 
confidence can be shared when it comes t o  the  volcanic cover of t h e  
Centra l  Volcanic Region. I t  can be in fe r red  from t h e  dens i ty  log of 
bore 121 ( f i g .  4.1) t h a t  low-velocity and t h i n  high-veloci ty l aye r s  
occur wi th in  t h e  volcanic cover. Some-time w i l l  be spen t  i n  t h i s  sec t ion  
on examining the  poss ib le  e f f e c t s  of such l aye r s ,  a s  t h e i r  presence 
a r e  considered t o  be one of t h e  p r i n c i p a l  sources of e r r o r  f o r  any 
r e f r a c t i o n  i n t e r p r e t a t i o n  made wi th in  t h e  Central  Volcanic Region. 
Fig. 5.2 shows th ree  s i t u a t i o n s  t h a t  w i l l  l ead  t o  e r r o r s  i n  
depth es t imates .  Case 1 i s  t h a t  of the  low-velocity zone where no 
f i r s t  a r r i v a l s  from t h e  top  of t h e  V l a y e r  w i l l  be p resen t  on t h e  2 
time-distance graph; the  computed depth t o  the  V3 l a y e r  w i l l  be over- 
est imated.  Case 2 i s  t h e  b l ind  zone problem (Dobrin, 1976, p.301) 
where t h e  ve loc i ty  and thickness of  t h e  V2 l aye r  a r e  such t h a t  r e f rac t ions  
from i t s  t o p  surface  w i l l  a l l  be  second a r r i v a l s  and depth est imates t o  
the  top  su r face  of the  V3 l a y e r  w i l l  be too  small.  
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Fig. 5.1 Interpretational models used for seismic refraction data. On the left is the ?lane, non- 
dipping layer model with the time interce?t method described bv Dobrin (1976). On the right 
is the continuous velocity with depth model and the Wiechert-Herglotz-Bateman integral 
(Grant & West, 1965, F-139). 
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Fig. 5.2 Three subsurface structures t ha t  will give rise 
to erroneous depth estinates in refraction 
interpretation. 
Case 3 i s  no t  o f t e n  discussed b u t  has p a r t i c u l a r  relevance t o  t h i s  
study where only a l imi ted  number of seismographs were ava i l ab le  t o  
cover t h e  seismic l i n e s .  Here the  d i s c r e t e  spacing of the  seismographs 
i s  such t h a t  the  V2 l a y e r  does no t  cont r ibute  any f i r s t  a r r i v a l s  and the  
l a y e r  i s  a b l ind  zone a s  i n  case  2; with a continuous coverage of 
seismographs t h e  l a y e r  would be detected.  
I n  an attempt t o  a s sess  t h e  poss ib le  e f f e c t s  of low-velocity and 
b l i n d  zones within the  volcanic cover an ana lys i s  of t h e  dens i ty  log  of  
bore 121 and 71 ( f i g .  4.1) was made i n  the  following manner. Fig. 5.3 
shows an approximate conversion of the  dens i ty  log  t o  i sove loc i ty  l a y e r s ,  
with each l aye r  being required t o  be a t  l e a s t  100 metres th ick .  Also 
shown i n  f i g .  5.3 a r e  two t h e o r e t i c a l  t ravel- t ime graphs, f o r  s t a t i o n  
spacings of 0 and 2 km, of c r i t i c a l l y  r e f rac ted  ray  paths o u t  t o  
o f f s e t s  of 20 km, along with the  ve loc i ty  sec t ions  i n t e r p r e t e d  from t h e s e  
travel- t ime graphs. S t ra igh t - l ine  segments were s e l e c t e d  by eye. 
The 0 km spacing i s  an i d e a l  s i t u a t i o n  where the re  i s  a 
continuous l i n e  of seismograph s t a t i o n s ,  whereas the  2 km spacing 
represents  a s i t u a t i o n  more akin t o  t h e  condit ions of t h e  surveys t o  be  
described i n  t h i s  chapter .  For the  0 km s t a t i o n  spacing it can be seen 
t h a t  the  2.0 km/s l a y e r  c o n s t i t u t e s  a b l i n d  zone and t h e  3.0 and 3.7 km/s 
l aye r s  c o n s t i t u t e  low-velocity zones. The low-velocity zones have a 
dominant e f f e c t  on the  e r r o r  i n  t h e  depth es t imate  and t h e  depth t o  t h e  
5.0 km/s l aye r  i s  over est imated by near ly  40%. 
For t h e  2.0 km stat ion-spacing case the  2.0 and 3.1 km/s l aye r s  
a r e  b l i n d  zones, t h e  3.0 and 3.7 km/s l aye r s  c o n s t i t u t e  low-velocity 
zones and t h e  e f f e c t ,  with r e spec t  t o  t h e  e r r o r  i n  t h e  depth est imate,  of  
t h e  b l ind  zones near ly  counterac ts  t h a t  of  t h e  low-velocity zones. 
The depth t o  t h e  5.0 km/s r e f r a c t o r  i s  thus  overestimated by about 10%. 
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Bore 121 l i e s  c l o s e  t o  t h e  l i n e  connecting t h e  two shotpoints  of 
t h e  Taupo r e f r a c t i o n  survey; hence t h e  ve loc i ty  sec t ions  in te rp re ted  
by Robinson e t  al. (1981), a s  shown i n  f i g .  4.14, should bear  some 
resemblance t o  those predic ted  i n  f i g .  5.3. This is  of  course assuming 
t h a t  bore 121 is  rep resen ta t ive  of t h e  whole a rea  covered by the  Taupo 
r e f r a c t i o n  survey. The 0 km spacing solu t ion  i n  f i g .  5.3 c lose ly  
resembles t h e  solu t ion  obtained f o r  t h e  continuously increas ing ve loc i ty  
wi th  depth i n t e r p r e t a t i o n  shown i n  f i g .  4.14. In  p a r t i c u l a r ,  note t h a t  
t h e  predic ted  3 km depth t o  rocks with a ve loc i ty  of about 5 km/s is  
almost i d e n t i c a l  i n  both cases .  This would suggest t h a t  by adopting 
a continuously increas ing ve loc i ty  with depth model t o  i n t e r p r e t  
r e f r a c t i o n  surveys wi th in  t h e  Centra l  Volcanic Region, depth t o  
"basement" may be  overestimated. On t h e  o ther  hand t h e  plane-layer 
i n t e r p r e t a t i o n  given i n  f i g .  4.14 p r e d i c t s  a lower o v e r a l l  ve loc i ty  
wi th in  t h e  volcanic cover and a shallower depth t o  t h e  bottom r e f r a c t o r  
than f o r  t h e  model s o l u t i o n  ( f i g .  5.3) with a 2 km s t a t i o n  spacing. 
This suggests  t h a t  t h e  s t a t i o n  spacing of the  Taupo survey, which was 
about 5 km, was such t h a t  t h e  e f f e c t  of  b l ind  zones on t h e  depth es t imate  
negated t h a t  of the  low-velocity zones. 
The p r inc ipa l  conclusion drawn from t h i s  a n a l y s i s  i s  t h a t  
providing t h e  sequences of low-velocity and hidden zones wi th in  bore 121 
a r e  t y p i c a l  of those elsewhere wi th in  t h e  Centra l  Volcanic Region, then 
a p lane  l a y e r  i n t e r p r e t a t i o n  of  r e f r a c t i o n  da ta  should g ive  depth 
es t imates  t h a t  a r e  wi th in  about 10% of t h e  t r u e  depths,  although t h i s  is  
dependent on the  seismograph spacing, and a continuously increas ing 
v e l o c i t y  with depth model may give  depth es t imates  t h a t  a r e  up t o  40% 
t o o  l a r g e .  I n  any event,  when t h e  in te rp re ted  veloci ty-depth sec t ions  
a r e  converted t o  density-depth sec t ions  and t h e i r  in t eg ra ted  res idua l  
g r a v i t y  e f f e c t s  ca lcu la ted ,  t h e  e f f e c t s  of both  t h e  continuous and t h e  
d i s c r e t e  increase  of dens i ty  with depth models should be approximately 
equal.  This i s  borne ou t  by t h e  i n t e r p r e t a t i o n  of t h e  Taupo r e f r a c t i o n  
d a t a  shown i n  f i g .  4.14. 
For t h i s  study plane-layer models a r e  i n i t i a l l y  adopted f o r  t h e  
purpose of obtaining a f i r s t - o r d e r  s t r u c t u r a l  so lu t ion .  Gravity da ta  
a r e  then used t o  l o c a t e  surface  projec t ions  of major s t r u c t u r a l  
d i s c o n t i n u i t i e s  de tec ted  by t h e  seismic da ta .  F ina l ly  t r i a l  and e r r o r  
ray-tracing methods a r e  employed t o  r e f i n e  t h e  f i r s t - o r d e r  model. A t  
t h e  end of t h e  chapter  an attempt i s  made t o  i n t e r p r e t  t h e  da ta  from 
both surveys i n  terms of a continuously increas ing ve loc i ty  with depth 
model. 
5.3 Rotoehu Seismic Survey 
5.3.1 In t roduct ion  
The l i n e  between Lake Rotoehu and t h e  greywacke outcrop near  
Otamarakau ( f i g .  2.8) was se lec ted  f o r  a d e t a i l e d  seismic and g rav i ty  
inves t iga t ion  f o r  t h e  following reasons. 
(i) The absence of s h o r t  wavelength magnetic o r  topographic 
expression, volcanic cen t res  o r  manifes ta t ions  of  geothermal a c t i v i t y  
was taken t o  suggest t h a t  t h e  subsurface s t r u c t u r e  i s  l i k e l y  t o  be l e s s  
complex than f o r  a reas  f u r t h e r  t o  t h e  south. 
(ii) The greywacke outcrop near Otamarakau is  viewed a s  anomalous 
f o r  reasons discussed previously.  It was hoped t h a t  a combined g r a v i t y  
and seismic i n t e r p r e t a t i o n  would provide some i n s i g h t  i n t o  t h e  subsurface 
s t r u c t u r e  of t h i s  outcrop. 
(iii) Logis t i ca l  advantages o f fe red  by t h i s  l i n e  were t h a t  deep 
water shot-points were ava i l ab le  a t  each end and t h e  l i n e ,  f o r  a l a r g e  
p a r t ,  passed through t h e  Rotoehu S t a t e  Fores t ;  an area  wi th  good roads 
y e t  of l imi ted  pub l i c  access. The l a t t e r  f a c t o r  i s  c r u c i a l  when using 
microearthquake recorders of t h e  continuously r o t a t i n g  drum type.  The 
extreme s e n s i t i v i t y  of these  instruments can r e s u l t  i n  pre- o r  post-shot 
vehicular  o r  c u l t u r a l  noise o b l i t e r a t i n g  t h e  recorded sho t  a r r i v a l .  
Fig.  5.4 g ives  the  pos i t ion  of  t h e  seismic l i n e  with r e spec t  
t o  t h e  r e s i d u a l  g rav i ty  anomaly f i e l d .  Apart from t h r e e  minor greywacke 
outcrops near Otamarakau, surface  geology along and about t h e  l i n e  is  
dominated by a b lanket  of R o t o i t i  Pumice Breccia; a hot  avalanche 
deposi t  erupted from Lake Rotorua 40,000 years  ago (Nathan, 1976).  
5.3.2 Data 
Some d i f f i c u l t y  was encountered i n  f inding good geophone s i t e s  
along the  Rotoehu seismic l i n e .  The R o t o i t i  Breccia c o n s i s t s  of 
unconsolidated volcanic ash  and b recc ia  and i n  general  t h e  l i n e  d i d  
not appear t o  be  p a r t i c u l a r l y  promising. However, a s  indica ted  by t h e  
records shown i n  f i g s  5.5 and 5.6 no i se  l e v e l s  were low and t h e  a r r i v a l s  
su rp r i s ing ly  impulsive. Fig. 5.5 g ives  two records from s t a t i o n  5 i n  
t h e  middle of t h e  spread f o r  both sho t s .  Fig. 5.6 shows t h e  record 
made a t  t h e  f a r  end of t h e  spread and a record from one of t h e  high 
speed Kinemetric recorders.  
Table 5.2 l i s t s ,  f o r  each s t a t i o n ,  observed f i r s t  a r r i v a l  t ime, 
d i s t ance  from sho t  point ,  he ight ,  datum he igh t ,  weathering and e leva t ion  
cor rec t ion  and t h e  correc ted  a r r i v a l  time. Elevation and weathering 
correc t ions  were made a s  out l ined i n  t h e  scheme depicted i n  f i g .  5.7. 
Fig. 5.4 Map of residual gravity anomalies and gravity and 
seismograph stations for the Lake Rotoehu-Otamarakau 
area. The position of this seismic line with respect 
to the whole Central Volcanic Region is shown in 
fig. 2.8. 
Table  5.2 D a t a  f o r  the Rotoehu S e i s m i c  Survey 
Sho t :  S . :  S h o t  e l e v a t i o n  = 290 m e t r e s  A.S.L. 
Loca t ion :  Sou th  end o f  t h e  Rotoehu s e i s m c  l ~ n e  
S t n  Ohs D i s t a n c e  He igh t  D a t .  H t .  
( S )  (km) (m) (m) 
1 0.48 0.55 305 280 
2A 1 . 0 7  1 .82 274 261 
2B 1.30 2.66 274 248 
2C 1.38 3.00 274 241 
2D 1 .64  3.82 260 225 
3 1 .85 4.35 244 215 
4 2.23 5.53 244 1 9  3 
5 2.51 7.17 1 8 3  164  
6 2.72 8.44 174  140 
7 2.94 9.54 137  120 
8 3.01 10.17 6 3  109 
9 3.09 11.60 6 1  8 3  
1 0  3.39 13 .32  3 1  5 1  
11 4.04 15.66 1 5  1 0  
(Lake Rotoehu) 
C o r r e c t i o n  
(S)  
0.06 
0 .06 
0.06 
0 .07  
0 .07  
0.07 
0 .oa 
0.06 
0.07 
0 .06 
0 .03 
0.04 
0.04 
0.05 
C o r r .  t i m e  
(S) 
0.42 
1 . 0 1  
1 . 2 4  
1 . 3 1  
1 . 5 7  
1 .78 
2.15 
2.45 
2.65 
2 .88 
2.98 
3.05 
3.35 
3.99 
- -- 
Shot :  R.S.2: S h o t  e l e v a t i o n  = 1 0  m e t r e s  A.S.L. 
Locat ion:  North  end o f  Rotoehu s e i s m c  l i n e  ( n e a r  Otamarakau) 
S tn Obs . D i s t a n c e  H e l g h t  Dat. ~ t .  C o r r e c t i o n  
(S)  (km) (m) (m) ( S )  
12A 0.32 0.59 1 7  2 1  0 
12B 0.51 0.92 1 7  24 0 
1 0  0.95 2.28 3 1  5 2 0.05 
1 1 A  1.26 3.39 9 1  72 0.06 
9 1 .36  4.00 6 1  8 3  0.04 
8 1 .85  5.43 6 3 109 0.03 
7 2.21 6 .07  137  120 0.06 
6 2 .38 7.16 174 140 0.07 
5 2.65 8 .45  1 8 3  164  0.06 
4 3.00 10 .07  244 193  0.08 
3 3.16 11.26 244 215 0 .06 
2D 3.22 11.79 260 225 0 .07 
2C 3.44 12.70 274 241 0 .07  
2B 3.50 12.94 2 74 248 0.07 
2A 3.64 13.89 274 261 0.06 
1 A  3.98 15.44 294 291 0 .07  
Corr.  t i m e  
( S )  
0.32 
0 .51 
0.90 
1 .20 
1 .32 
1 .82 
2.15 
2 .31  
2.59 
2.91 
3.10 
3 .15 
3.37 
3 .43 
3.58 
3 .91 
C o r r e c t e d  t i m e  = observed  t i m e  - c o r r e c t i o n .  
L e a s t  s q u a r e s  s o l u t i o n s  f o r  s e l e c t e d  s t r a i g h t - l i n e  segments:  
Shot :  R.S.l 
l i n e  1 2 
l i n e  2 7 
l i n e  3 5 
Sho t :  R.S.2 
l i n e  1 1 3  1.8 f0 .04 0 .01  50.01 
l i n e  2 4 3.8 i 0 .  2 0.28 i0 .04  4.33 i 0 . 0 7  
l i n e  3 9 5.4 i O . l  1 .00  i0 .05  3 . 9 1  20.03 
n = number of p o i n t s  u s e d  i n  t h e  least s q u a r e s  d e t e r m i n a t i o n .  
The o r i g i n  is used  i n  l i n e  1 f o r  R.S. 1 and 2. 
Fig. 5.5a. Seismograph record for the south shot ( R . S . 1 ) .  Note the 
time signals immediately preceding the arrival. 
Fig. 5.5b Seismograph record for the north shot (R.S.~) at station.5. 
~ i m e  signals preceding the arrival are slightly obscured by 
noise. Set no. S.l is a Sprengnether 600 microearthquake 
instrument, 
From t h e  i n t e r p r e t a t i o n  of shallow v e l o c i t y  spreads (appendix C )  
t h e  weathered l aye r  was taken a s  a  20 metre t h i c k  l aye r  of v e l o c i t y  
0.3 km/s. This l a y e r  is  possibly j u s t  t h e  aera ted  l aye r  above t h e  
water t a b l e  and s t r i p p i n g  of t h i s  l a y e r  was done purely t o  ease t h e  
i n t e r p r e t a t i o n  process. 
S ta t ions  12a and 1 2 b  from sho t  RS2 were s i t u a t e d  beside a stream 
where t h e  aera ted  l a y e r  was observed t o  be of neg l ig ib le  thickness;  
accordingly no weathering correc t ion  was made f o r  t h e s e  s t a t i o n s .  
Elevation correc t ions  were made with r e spec t  t o  a  s loping datum t h a t  
passed through both shot  po in t s  a s  t h e  su r face  topography was such t h a t  
t h i s  datum l e v e l  c lose ly  p a r a l l e l e d  t h e  ground surface  and the re fo re  
minimised t h e  maximum elevat ion  correc t ion .  
Elevation d i f fe rences  between s t a t i o n s  were assumed t o  be due t o  
d i f fe rences  i n  t h e  th ickness  of t h e  2.2 km/s l a y e r  found i n  t h e  shallow 
ve loc i ty  spread on Hannon Rd (appendix C ) ;  t hus  V was taken t o  be  1 
2.2 km/s and approximate est imates of V were obtained from an i n i t i a l  2 
examination of t h e  uncorrected time-distance da ta .  The l a r g e s t  source 
of e r r o r  i n  making t h e  combined weathering-elevation correc t ion  i s  i n  
the  assumed value of t (thickness of ae ra ted  l a y e r ) .  I t  was not  p o s s i b l e  
t o  determine t a l l  along t h e  l i n e  so t h a t  depar tures  i n  t from t h e  
assumed 20 metres value may cause e r r o r s  of  up t o  0.05 sec i n  t h e  
correc ted  t r a v e l  times. 
5.3.3 F i r s t  order  i n t e r p r e t a t i o n  
A subsurface s t r u c t u r a l  model c o n s i s t i n g  of a  d i s c r e t e  number of  
plane i sove loc i ty  l a y e r s  i s  assumed i n  t h e  following i n t e r p r e t a t i o n .  
Adoption of t h e  plane-layered model r equ i res  f i t t i n g  of s t r a i g h t - l i n e  
I v, 
Correction of refraction times for weatheflag and elevation. 
Elevation corrections were made using a similar method to that 
described by Dobrin (1976). The method differs from that of Dobrin 
in that a sloping datm is allowed for; necessitating the specifica- 
tion of the datum level beneath both shot and detector. The combined 
elevation and weathering correction is : 
Correction = (e +E -h-t-d,-ad) U (v$-Y:)/U~V~ + 
where: e = elevation of shot point 
E = 11 detector 
h = depth of shot point beneath shot point site 
t = thickness of weathered or aerated (low velocity) layer 
d = elevation of datum at shot point 
S 
dd = 11 l 1  " " detector 
To = velocity of weathered layer 
V., = velocity of layer where the elevation differences 
between the various stations is assumed to occur. 
V2 = velocity of deepest refractor along which the particular 
arrival has trzvelled. 
Fig. 5.7 Correction scheme f o r  weathering and elevation used i n  
t h i s  study. 
segments and a  f i r s t  order  i n t e r p r e t a t i o n  i s  shown i n  f i g .  5.5; 
l e a s t  square determinations of apparent v e l o c i t i e s ,  time i n t e r c e p t s  and 
t h e i r  associa ted  u n c e r t a i n t i e s  a t  the  90% confidence l e v e l  a r e  given 
i n  t a b l e  5.2. Of f se t s  i n  the  travel- t ime da ta  from both shots  can be 
observed between s t a t i o n s  7  and 9 .  The o f f s e t s  a r e  i n  opposi te  d i r e c t i o n s  
f o r  each shot  ind ica t ing  a  s t r u c t u r a l  d i scon t inu i ty  beneath these  
s t a t i o n s ;  the re fo re  a r r i v a l s  a t  S ta t ions  9, 10 and 11 from shot  RS1 and 
t h e  a r r i v a l  a t  s t a t i o n  8  from RS2 a r e  poss ib ly  d i f f r a c t i o n s  from t h e  
d i scon t inu i ty  and no s t r a i g h t - l i n e  segments were f i t t e d  between these  
points .  
Line segments 3  from both RS1 and RS2 a r e  taken t o  represent  
a r r i v a l s  from a  common r e f r a c t o r  a s  t h e i r  end times (T ) match wi th in  
E 
t h e  90% confidence l i m i t s  ( t a b l e  5 .2) .  Moreover, near equa l i ty  of  
apparent v e l o c i t i e s  implies t h a t  these  l i n e  segments represent  a r r i v a l s  
from a  5.5 km/s r e f r a c t o r  l y i n g  p a r a l l e l  t o  t h e  datum surface .  The 
simplest  explanation f o r  t h e  3.0 km/s l i n e  segment from RS1 is  t h a t  it a l s o  
represents  a  r e f r a c t o r  p a r a l l e l  t o  t h e  datum. Accordingly, a  non-dipping 
p lane  layered i n t e r p r e t a t i o n  was applied t o  l i n e  segments 1, 2 and 3  
from RS1 t o  obta in  t h e  s t r u c t u r a l  so lu t ion  shown i n  f i g .  5.8, i . e .  using 
t h e  t ime-intercept  method (Dobrin, 1976) : 
where V = 1.3 km/s 0  
V =3.Okm/s  1 
V2 = 5.5 km/s 
gives : 
R.S.I. 
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Fig. 5.8 Corrected time- g 
distance data for the 
Rotoehu seismic survey and 
the first-order structural 
solution based on the 
indicated straight-line 
segments. Apparent 
velocities of the straight- 
line segments are shown 
and station numbers are 
given at the top of the 
time-distance plot. 
SOUTH NORTH 
D i s t a n c e  , k m  
Z1 = thickness of V l a y e r =  225 metres 0  
- 
z2 - 
I 1  v1 
= 1459 metres 
and t h e  depth t o  t h e  5.5 km/s r e f r a c t o r  i s  Z + Z = 1684 metres. 1 2 
Given t h a t  t h e  1.3 km/s l a y e r  poss ib ly  r ep resen t s  a  smoothed average 
of t h e  0.8 and 2.2 km/s l a y e r s  found i n  t h e  shallow ve loc i ty  spread 
(appendix C)  and t ak ing  i n t o  account t h e  u n c e r t a i n t i e s  i n  the  time 
i n t e r c e p t s  (Table 5.2) t h e  est imate of Z + Z2 would have an associa ted  1 
uncer ta in ty  of about +l50 metres. 
Gravity observations wi th  an average spacing of 430 metres were 
made along t h e  seismic l i n e .  The l a r g e  s t r u c t u r a l  o f f s e t  i n  t h e  f i r s t  
o rde r  i n t e r p r e t a t i o n  (Fig.  5.8) was assumed t o  be  associa ted  with t h e  
subsurface s t r u c t u r e  of  t h e  greywacke outcrop and f o r  the  purposes of 
making a  gravi ty  i n t e r p r e t a t i o n ,  t h e  g rav i ty  e f f e c t  of t h i s  body was 
regarded a s  being anomalous wi th  r e spec t  t o  t h e  1700 metres of volcanic 
cover t o  t h e  south. This t ransformation of viewpoint was simply e f f e c t e d  
by sub t rac t ing  -300 uN/kg, t h e  lowest value of  r e s i d u a l  gravi ty  over 
t h e  volcanic cover t o  t h e  south,  from a l l  r e s i d u a l  gravi ty  anomalies 
along t h e  p r o f i l e .  The greywacke block could then be represented by 
a  mass anomaly divided i n t o  t h r e e  hor izonta l  sec t ions  of constant  
d e n s i t y  con t ras t ;  dens i ty  c o n t r a s t  decreasing wi th  depth with r e s p e c t  
t o  t h e  volcanic cover- These dens i ty  c o n t r a s t s  and t h e  geometry of  t h e  
greywacke body were then progress ively  modified u n t i l  a  s a t i s f a c t o r y  f i t  
of observed and ca lcula ted  g rav i ty  was obtained. Fig.  5.10 summarises 
t h i s  ana lys i s .  The hor izon ta l  dimensions of t h e  block can be i n f e r r e d  
from f i g .  5.4 t o  be a t  l e a s t  four  t i m e s  t h e  depth t o  t h e  cen t re  of  t h e  
mass anomaly so  t h a t  t h e  two-dimensional approximation used i n  t h i s  
a n a l y s i s  i s  reasonable. 
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Fig. 5.9 Density-de2th functions used for the two and three- 
dimensional gravity interpretations of the Otanarakau 
greywacke body. Also shown for comparison is the Wairakei 
density-depth curve as developed from bore hole data 
(Chapter 4) . 
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Fig. 5.10 Two-dimensional interpretation 
of residual gravity anomalies 
along the Rotoehu seismic line. 
Density contrasts within the 
qreywacke block are with respect 
to the low-density volcanics. 
The lower boundary represents 
the level at which the velocity, 
and therefore density, contrasts 
are considered to vanish. 
Datum level is the same as the 
seismic datum (ie. 280 m at 
R.s.~ and 10 m a.s.1. at R.s.~). 
Distance,  k m  
5.3.5 Ray t r a c i n g  so lu t ion  
F i r s t l y ,  a combined s t r u c t u r a l  model f ea tu r ing  aspects  of both 
the  f i r s t  order  and g rav i ty  models was constructed.  Then, geometrical 
ray paths  obeying S n e l l ' s  law a t  i n t e r f a c e s  of  ve loc i ty  c o n t r a s t  were 
drawn and travel- t imes ca lcula ted .  These were then compared with t h e  
observed t r a v e l  -times. 
F ina l ly  t h e  model was modified progress ively  u n t i l  a s a t i s f a c t o r y  
s e t  of r e s idua l s  - observed minus ca lcu la ted  times - was obtained. 
Fig. 5.11 shows t h e  b e s t  f i t  model with a s tandard e r r o r  of  r e s i d u a l s  
equal t o  0.05 sec.  
I n  a r r i v i n g  a t  t h i s  model t h e  shallow ve loc i ty  s t r u c t u r e  
determined beneath t h e  Hannon Road spread (appendix C) was considered 
f ixed and t h e  depth of t h e  3.0-5.5 km/s i n t e r f a c e  along with t h e  v e l o c i t y  
s t r u c t u r e  wi th in  t h e  greywacke block per turbated  u n t i l  t h e  b e s t  f i t  was 
found. Major modificat ions t o  t h e  f i r s t  order  so lu t ion  a r e  the  
in t roduct ion  of topography on top of t h e  greywacke block, a s  determined 
by gravi ty ,  a lowering of t h e  3.0-5.5 km/s i n t e r f a c e  by 100 metres and 
a d iv i s ion  of t h e  ve loc i ty  s t r u c t u r e  wi th in  t h e  greywacke block. 
The one aspec t  of t h e  model t h a t  i s  o f  most i n t e r e s t  i s  t h e  
s t r u c t u r a l  r e l a t i o n s h i p  between the  5.5 km/s r e f r a c t o r  and the  greywacke 
block; t h i s  cannot be determined by these  seismic da ta  alone. For 
example an a l t e r n a t i v e  model which would g ive  a s a t i s f a c t o r y  f i t  t o  t h e  
da ta  i s  one where t h e  base of t h e  greywacke block formed a continuous 
u n i t  with t h e  5.5 km/s r e f r a c t o r  t o  t h e  south.  
5.3.6 Geological i n t e r p r e t a t i o n  
One of t h e  most s t r i k i n g  fea tu res  associa ted  with t h e  Otamarakau 
greywacke outcrop i s  i ts  associa ted ,  circular-shaped g rav i ty  anomaly. 
A R E S I D U A L S  FROM R-S.1. 
A I I I I R.S.2. 
S O U T H  
R.S.I. 
N O R T H  
R.S.2. 
Fig.  5.11 Ray t r a c i n g  so lu t ion  f o r  t h e  Rotoehu seismic da ta .  The observed travel- t imes minus t h e  
ca lcu la ted  travel- t imes of t h e  t h e o r e t i c a l  ray-paths (dotted l i n e s )  a r e  shown a t  t h e  top.  
Ve loc i t i e s  i n  km/s and t h e  shaded region represents  t h e  in te rp re ted  subsurface s t r u c t u r e  
of  t h e  greywacke outcrop. 
I n  order  t o  gain an apprecia t ion  of t h e  subsurface shape of t h e  block 
a simple three-dimensional g rav i ty  model was constructed using the  
polygonal lamina method described by ~ a l w a n i  & Ewing (1960). Five 
lamina were used wi th  t h e  dens i ty  con t ras t  of each lamina decreasing 
with depth i n  accordance with t h e  Wairakei density-depth function a s  
shown i n  f i g .  5.9. Subsurface contours of t h e  model along with t h e  
ca lcu la ted  and observed anomalies a r e  shown i n  f i g .  5.12, The three-  
dimensional model i s  terminated offshore  although t h e  t r u e  northward 
ex ten t  of t h e  block i s  unknown. An examination of many unpublished 
marine gravity p r o f i l e s  from t h e  Bay of  Plenty (held by Geophysics Division,  
D.S.I.R.) gave no i n d i c a t i o n  of an offshore  ex ten t  f o r  t h i s  g rav i ty  
anomaly with t h e  c l o s e s t  p r o f i l e  passing wi th in  1 5  km of t h e  coas t  near 
Otamarakau. 
The Otamarakau greywacke outcrop i s  viewed a s  t h e  surface  expression 
of  a f l a t  topped, approximately c i r c u l a r  s t r u c t u r e  with a 65' d i p  on the  
edge coincident  with t h e  r e f r a c t i o n  l i n e .  From t h e  o u t s e t ,  then, t h e  idea  
o f  a continuous eros ional  su r face  from t h e  outcrop t o  a greywacke basement 
t o  t h e  south i s  not  favoured; t h e  s t eep  s i d e s  suggest a t ec ton ic  r a t h e r  
than an eros ional  o r i g i n .  Yet, on the  o t h e r  hand, it i s  d i f f i c u l t  t o  
expla in  the  outcrop wi th in  t h e  context  of a volcanic col lapse  model. 
That is a model where melt ing of a pre-exis t ing  s i a l i c  c r u s t  r e s u l t e d  i n  
t h e  formation of r h y o l i t i c  magma, and t h e  subsequent eruption of  t h e s e  
magmas l e d  t o  a t e c t o n i c  co l l apse  of t h e  c r u s t  (e.g. Healy, 1964).  One 
would have t o  advance reasons why the  co l l apse  occurred i n  a c i r c u l a r  
fashion about t h e  outcrop a t  a loca t ion  many ki lometres from any known 
volcanic cent re .  
An a l t e r n a t i v e  explanation f o r  t h e  greywacke outcrop has been 
o f fe red  by Calhaem (1973). H i s  proposal f o r  l i t h o s p h e r i c  spreading wi th in  
t h e  Central  Volcanic Region (chapter 2) accounts f o r  t h i s  outcrop a s  being 

t h e  surface  expression of an allochthonous block, spal led  sometime i n  t h e  
p a s t  from t h e  t r a i l i n g  edge of t h e  Hawkes Bay proto-plate;  t h e  block i s  
thus  considered t o  be " f loa t ing"  within a medium of intruded igneous rocks 
and low-density volcanic rocks. I n  order  t o  account f o r  t h e  i s o s t a t i c  
support  of t h e  block it would be necessary t o  propose t h a t  e i t h e r  t h e  
block has s u f f i c i e n t  v e r t i c a l  extent  t o  extend some dis tance  i n t o  a 
higher dens i ty  c r u s t a l  o r  upper mantle l a y e r  o r  t h e  f l e x u r a l  r i g i d i t y  
of t h e  l i thosphere  is  g r e a t  enough t o  support  t h i s  10-12 km wide mass 
anomaly. 
To t e s t  t h e  allochthonous block hypothesis  agains t  t h a t  o f  t h e  
continuous greywacke basement would requ i re  a geophysical method t h a t  could 
determine e i t h e r  t h e  base of t h e  outcrop o r  t h e  rock-type of  basement t h a t  
surrounds t h e  outcrop. Both t h e  g rav i ty  and seismic da ta  reported he re  
a r e  i n s u f f i c i e n t  t o  do t h i s  because of t h e  s i m i l a r i t y  i n  seismic v e l o c i t i e s  
and d e n s i t i e s  of greywacke, on one hand, and d i o r i t e ,  andes i te ,  o r  
compacted volcanic rocks on t h e  o ther .  The magnetic method i s  usua l ly  
t h e  most dec i s ive  method f o r  d iscr iminat ing  between basement rocks of 
e i t h e r  a sedimentary o r  volcanic-igneous a f f i n i t y .  However, a s  discussed 
i n  sec t ion  2.2.5 t h i s  may not  apply i n  a back-arc s i t u a t i o n  where magnetic 
anomalies t y p i c a l l y  show a d i f f u s e  and subdued p a t t e r n ;  f o r  ins t ance ,  
t h e  magnetic anomalies observed over t h e  Coromandel Peninsula ( f i g .  2 -12] ,  
where considerable volumes of  andes i te  can be  found, a r e  not markedly 
d i f f e r e n t  from t h e  magnetic anomalies observed around t h e  Otamarakau- 
Lake Rotoehu a rea ,  Thus, on t h e  b a s i s  of  t h e  unusual subsurface geometry 
of t h e  Otamarakau greywacke outcrop, i t s  p re fe r red  i n t e r p r e t a t i o n  i s  t h e  
allochthonous block model discussed above. 
The occurrence of  blocks and fragments of  o l d  cont inenta l  c r u s t  
enclosed wi th in  younger rocks of a back-arc bas in  has been noted elsewhere. 
For example, i s o l a t e d  blocks of Mesozoic cont inenta l  c r u s t  wi th in  the  
younger oceanic c r u s t  of t h e  Japan Sea a r e  discussed by Hilde & Wageman 
(1973) and s i m i l a r  occurrences of  con t inen ta l  c r u s t  have been found wi th in  
a Cretaceous back-arc bas in  of southern Chile,  which has now been exposed by 
u p l i f t  and eros ion (Dalz ie l  et a l . ,  1974; Bruhn & Dalz ie l ,  1977; De W i t  & 
Stern ,  1981). Furthermore, i n  a genera l  overview of back-arc bas ins  t h a t  
have formed throughout geological  time, Tarney & Windley (1981) note,  
when discuss ing back-arc bas ins  t h a t  have formed a t  con t inen ta l  margins, 
t h a t  "...back-arc spreading may l ead  t o  the  detachment and d i s p e r s a l  of 
con t inen ta l  fragments." 
Reverting b r i e f l y  back t o  t h e  Centra l  Volcanic Region, it i s  
poss ib le  t h a t  t h e  Otamarakau greywacke block i s  not  the  only t ec ton ica l ly -  
r i f t e d  greywacke block wi th in  t h e  Region. For example, w r i t i n g  before the  
concepts of  p l a t e  t ec ton ics  and back-arc bas ins  had been developed, 
Healy (1962) noted t h a t  Modriniak & Studt  (1959) had i n t e r p r e t e d  the  
Paeroa f a u l t  block as  "... a p a r t  of t h e  (greywacke) Kaingaroa Pla teau  
which has s l ipped  and subsided towards t h e  volcanic zone" and then Healy 
went f u r t h e r  t o  conjec t  "This has i n  f a c t  occurred on a much l a r g e r  sca le ,  
and t h e  e n t i r e  Kaingaroa Pla teau  seems t o  be p a r t  of t h e  e a s t e r n  ranges 
which have sunk and s l i d  towards t h e  Taupo Volcanic Zone". 
The i n t e r p r e t a t i o n  of t h e  Otamarakau greywacke outcrop being the  
surface  expression of an allochthonous block i s  based on c i rcums tan t i a l  
geophysical evidence alone, More work about t h e  outcrop i s  c l e a r l y  
warranted, i n  p a r t i c u l a r  marine g r a v i t y  observations c l o s e  t o  the  coas t  
would be  useful  i n  order  t o  determine t h e  northern ex ten t  of  t h e  block. 
5 - 4  Mangakino Seismic Survey 
5.4.1 Introduction 
One of the  most impressive geophysical features  of the Central 
Volcanic Region i s  t h e  Mangakino gravity low shown i n  f i g .  5.13. Five major 
gravi ty  lows were i den t i f i ed  on t he  res idual  gravity anomaly map i n  chapter 3 ,  
four of which a r e  more o r  l e s s  confined t o  t he  a x i a l  s t r i p  of the Taupo 
Volcanic Zone and co r r e l a t e  with rhyo l i t i c  volcanic centres.  The Mangakino 
gravi ty  low stands apar t  from these  four gravity lows i n  t h a t  it l i e s  
fu r ther  t o  the  west, has no associated magnetic anomaly o r  volcanic centre  
and i s  greater  i n  magnitude (-650 compared t o  -500 pN/kg) . 
Hochstein (1976) suggested t h a t  the  gravi ty  low a t  Mangakino 
might be par t ly  due t o  molten rhyol i t e  a t  depths below 6 km. Alternatively,  
t he  Mangakino gravity low may be explained by an unusually large  thickness 
of low-density volcanic rocks. For example Rogan (1980) modelled t h e  
Mangakino gravity low i n  terms of a 5 k m  depression f i l l e d  with rocks of 
3 density contras t  -0.5 Mg/m . There i s  no strong thermal anomaly i n  the  
Mangakino region which might corroborate t h e  molten rhyo l i t e  hypothesis 
ye t ,  on the  other hand, the  model of  a 5 k m  thickness of volcanic cover 
3 
with a density contras t  of -0.5 Mg/m conf l i c t s  with the  density-depth 
analysis  given i n  chapter 4. The prime object ive  of t h i s  re f rac t ion  survey 
was t o  determine a t  what depth basement-type seismic ve loc i t i e s  a r e  reached 
and therefore  possibly d i f f e r e n t i a t e  between t he  two models outl ined above. 
Surface geology along t he  greater  por t ion of the  l i n e  consis ts  of 
Whakamaru Ignimbrite, beneath which Martin (1965) has proposed ex i s t s  a 
graben s t ruc ture  t h a t  is  aligned with t he  Hauraki R i f t ,  Factors which 
guided t h e  se lec t ion  of t he  seismic l i n e  were t h a t  it had deep water shot- 
points  a t  each end, passed near the  centre  of t he  gravi ty  low, crossed the  
Waipapa f a u l t  and ended on outcropping greywacke a t  i t s  northern end 
( f i g .  5.13). Moreover, f o r  a l a rge  pa r t ,  the  l i n e  passed through the  
Kinleith fo r e s t ;  a p r iva te  fo r e s t  with lirnited public access. 
5.4.2 Data 
Despite good geophone s i t e s  the  a r r i v a l s  recorded a t  Mangakino 
tended t o  be l e s s  impulsive than those recorded a t  Rotoehu. Fig. 5.14 
shows two seismograph records from the  Mangakino survey. Table 5.3 l i s t s  
fo r  each seismograph s t a t i o n  t he  observed f i r s t  a r r i v a l  time, height ,  
datum height,  e levat ion and weathering correct ion as  well as the  corrected 
a r r i v a l  time. Elevation and weathering corrections were made a s  described 
i n  sect ion 5.3.2 f o r  the Rotoehu survey. Values of t, Vo, V1 and V were 2 ' 
obtained from in te rpre ta t ions  of the  shallow veloci ty  spreads reported i n  
appendix C and estimates of V from a preliminary inspection of an 2 
uncorrected travel-time graph. The thickness,  t and velocity V of the  0 
aerated layer  were taken as  20 metres and 0.3 km/s respectively.  This 
layer  was considered t o  be present a t  a l l  s t a t i ons  except 14(a)  which was 
placed on a greywacke outcrop. The layer  f o r  which elevation differences 
were assumed t o  occur i n  (V -layer) was taken t o  be the  2 km/s layer .  1 
V varied from 3.2 km/s t o  5.2 km/s and was determined from an examination 2 
of t he  uncorrected travel-time data.  
5.4.3 F i r s t  order s t r uc tu r a l  solut ion 
The bas ic  assumption i n  the  i n t e rp re t a t i on  of these data  i s  
t h a t  t he  subsurface s t ruc ture  can be approximated by a s e r i e s  of i soveloci ty  
layers  t h a t  a r e  bounded by plane in terfaces ,and whose d ip  di rect ions  a r e  
p a r a l l e l  t o  the  d i rec t ion  of the  p ro f i l e .  However, the  gravity anomaly 
pa t te rn  shown i n  f i g .  5.13 suggests t he  l imi ta t ions  inherent  i n  t h e  two- 
dimensional design and in te rpre ta t ion  of t h i s  seismic survey. I n  pa r t i cu l a r ,  
t h e  three-dimensional character  of t he  subsurface s t ruc ture ,  a s  may be 
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Fig. 5.14a Seismograph record from a Sprengnether 800 instrument at 
Station 6. Note time signals preceding the first arrival. 
Fig. 5.14b Seismograph record at t h e  most distant station from M.S .l. 
Station 14(a) was the only station located on outcropp'ing 
greywacke , 
inferred from the  gravity data,  suggests the  dip  direct ion of the  
subsurface layers  may deviate somewhat from the direct ion of the  prof i le .  
However, the  d i s t r i bu t ion  of shot-points and seismograph s t a t i ons  was 
dic ta ted by the  ava i l ab i l i t y  of deep-water lakes and roads, respectively,  
and the  in te rpre ta t ion  must be recognised f o r  these l imita t ions .  
Table 5.3 lists the  l e a s t  squares solutions t o  s t ra igh t - l ine  
segments indicated i n  f i g .  5.15. An o f f s e t  i n  time between s ta t ions  4 and 2 
from shot  MS1 i s  suggestive of a subsurface s t ruc tu ra l  discontinuity.  A 
similar time o f f se t ,  but  i n  the  opposite di rect ion,  i s  a l so  evident between 
s ta t ions  3 and 6 from MS2. The posi t ion of t h i s  o f f s e t  cor re la tes  closely 
with the  posi t ion of maximum gravity gradient and the  geologically 
interpreted posi t ion of the Waipapa f a u l t  a s  shown by Healy e t  a l .  
(1964, f i g ,  5.13) . 
After making allowance f o r  t h i s  time o f f se t ,  reference t o  values 
of reciprocal  end times ( T E )  i n  t ab l e  5.3 suggests t h a t  the  only reversed 
s t r a igh t  l i n e  p a i r  t h a t  represent a r r i va l s  from a common re f rac tor  a re  
l ines  2 and 3 from shots MS2 and 1 respectively.  No l i n e  segment from MS2 
can s a t i s f a c t o r i l y  be matched t o  l i n e  segment 2 from MS1 (apparent velocity = 
3.4 km/s) and the  t rue  velocity cannot be calculated from these  data alone. 
A re f rac tor  of velocity 3.0 km/s a t  a depth of 200 metres was 
detected beneath the  Murry Road shallow velocity spread (appendix C ) .  
No such r e f r ac to r  was determined beneath the Christiansen Road shallow 
velocity spread. Hence the  most straightfbrward in te rpre ta t ion  i s  t h a t  
the  3.4 h / s  apparent velocity of l i n e  segment 2 represents an updip 
velocity fo r  a re f rac tor  which shallows t o  a denth of 200 metres beneath 
the Murry, Road spread. 
The qua l i ty  of data from the  Murry Road spread was not good and 
only from shot  MS4, a t  the  north end of Murry Road, did  seismic energy 
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where : 
L 
H,: (cos$-'(( z,cos(a2,, + 0 ,  - 0,)  I c o s a Z J ~  z21 
2 ,  : ( v,/ 2cosi,) ( T2" - ( z,/v0 ( (  COS("^^+ 4,, 1 + 1 ) I cos~ ,J )  
i, I c r i t i c a l  ang le  : 0 . ~ ( s i n - ~ ( ( v , / ~ i n ~ , ~ )  + sin't(vl/vo)sinaz,~) 
@2 = dip of v layer r I I - I I 
true velocity of v, Layer I v,lsini, 
Fig. 5.16 Model and mathematical formulae pertaining to a 
two-dipping layer model (after Mota, 1954). 
Table  5 . 3  Data f o r  t h e  Mangakino Seismic  Survey 
Shot :  M.S.1: S h o t  e l e v a t i o n  = 195  met res  A.S.L. 
Loca t ion :  South end o f  t h e  Mangakino s e i s m i c  l i n e  (Lake Marae ta i )  
S t n  Obs. Dis tance  H e i g h t  Dat. H t .  C o r r e c t i o n  Corr.  t ime  
( S )  (km1 (m) (m) ( S )  ( S  
A t e c h n i c a l  mal func t ion  r e s u l t e d  i n  s t a t i o n s  7A and 7B n o t  r e c o r d i n g  
t ime  s i g n a l s .  
Sho t :  M.S.2: Sho t  e l e v a t i o n  = 111 met res  A.S.L. 
Loca t ion :  North end of Mangakino s e i s m i c  l i n e  (Lake Arapuni)  
S t n  Obs. Dis tance  H e i g h t  D a t .  H t .  C o r r e c t i o n  Corr .  t i m e  
( S )  (km) (m) (m) ( S )  ( S )  
1 0.45 1.69 427 243 0.06 0.39 
2 0 -59 2 -42 305 245 0.06 0.53 
3 0.83 3.37 326 247 0.06 0.77 
4 1 .12 4.09 311 249 0 .08 1.04 
5 1 . 4 1  4.89 293 251 0 .07  1 .34 
6 1 .99 6 - 6 3  280 255 0 .06 1 . 9 3  
7A 2.39 8.36 311 2 59 0.07 2.32 
7B 2.63 9.40 34 7 261 0.09 2.54 
8 2.89 10.14 323 26 3 0.08 2.81 
9 2 -99 11.17 305 265 0.07 2.92 
10 3.41 1 2  -46 359 268 0.09 3.32 
11 3.85 14.24 326 273 0.08 3.77 
12 4.10 15 -44 366 2 75 0.09 4.01 
1 3  4.39 17.44 326 280 0 .07 4.32 
14A 4.72 18.68 201 283 0.02 4.70 
C o r r e c t e d  t ime  = observed t ime  - c o r r e c t i o n .  
L e a s t  s q u a r e s  s o l u t i o n s  f o r  s e l e c t e d  s t r a i g h t - l i n e  segments:  
Sho t :  M.S.l 
l i n e  1 3 1 .9  +0.  1 0.0 
l i n e  2 4 3.4 t 0 . 2  0 .73 20.16 6.13 t 0 . 1 4  
l i n e  3 5 5.2 t 0 . 3  1 .48 20.13 5.06 + O .  1 0  
Sho t :  M.S.2 
l i n e  1 4 4.4 t 0 . 0 1  0 - 0  k0.02 4.18 t 0 . 1 9  
l i n e  2 1 0  4.4 t 0 . 1  0 .43  20.09 4.71 t o .  05 
n = number o f  p o i n t s  used i n  t h e  l e a s t  s q u a r e s  d e t e r m i n a t i o n .  
The o r i g i n  i s  used i n  l i n e  1 f o r  M.S. 1 and 2.  
propagate the  f u l l  1100 metres of  the  spread. Hence, the  3.0 km/s ve loc i ty  
recorded i n  t h i s  spread and the  3.4 km/s ve loc i ty  of l i n e  segment 2 from 
MS1 a r e  matched a s  down and updip v e l o c i t i e s ,  respect ive ly ,  from t h e  
same r e f r a c t o r .  
A t  t h e  Chr is t iansen Road spread a 100 metres t h i c k  l a y e r  of 
ve loc i ty  1.2 km/s was detec ted  and a s i m i l a r  l a y e r  of s l i g h t l y  lower ve loc i ty  
and thickness was detec ted  on t h e  Murry Road spread. Due t o  the  l a r g e  
spacing between t h e  microearthquake seismographs, t h i s  l a y e r  could no t  be  
i d e n t i f i e d  from t h e  main shots .  Nevertheless, f o r  the  purpose of t h i s  
f i r s t  order  i n t e r p r e t a t i o n  it w i l l  b e  assumed t h a t  it is  continuous between 
MS1 and s t a t i o n  3. With both t h i s  assumption, and t h a t  regarding t h e  up 
and down-dip v e l o c i t i e s  of  t h e  3.0-3.4 km/s r e f r a c t o r ,  t h e r e  is enough 
d a t a  t o  solve t h e  two dipping l aye r  problem. 
Fig. 5.16 shows t h e  model and geometrical r e l a t i o n s  given by 
Mota (1954) t h a t  w i l l  be  used t o  so lve  t h e  two-dipping l a y e r  problem. 
The model w i l l  i n i t i a l l y  be  used t o  ob ta in  information about t h e  3.0-3.4 km/s 
r e f r a c t o r ;  t h i s  be ing the  V l aye r  i n  t h e  model shown i n  f i g .  5.16. The 2 
V and V l aye r s  a r e  considered t o  be t h e  1.2 and 2.0 km/s l aye r s  0 1 
respect ive ly .  Information pe r t a in ing  t o  t h e  deeper r e f r a c t o r  with up and 
down-dip v e l o c i t i e s  of  5.2 and 4.4 km/s, r e spec t ive ly ,  i s  then obtained by 
numer ica l ly  s t r i p p i n g  the  1 .2  km/s l a y e r  and using t h e  two-dipping l a y e r  
model again with t h e  2.0 and 3.0-3.4 km/s l a y e r s  represent ing  V and Vl. 0  
a )  Depth, d i p  and t r u e  ve loc i ty  of  t h e  3.0-3.4 km/s layer :  
Subs t i tu t ing  t h e  following i n  t h e  equations of f i g .  5.16 
V. = 1.2 km/s 
v1 = 2.0 km/s 
V2d = 3.0 km/s 
Tlu = 0.73 S (see  t a b l e  5.3) 
t h e  following a r e  derived: 
i = 38.8' 2 
€l2 = 3.1° 
Z2 = 0.74 km 
H 2 = 0.84 km (depth beneath MS1) 
V = 3.2 km/s 2 
b) Depth, d i p  and t r u e  ve loc i ty  of t h e  4.4-5.2 km/s l aye r :  
I n  order  t o  determine t h e  parameters pe r t a in ing  t o  t h e  lower 
r e f r a c t o r ,  t h e  1.2 km/s l aye r  i s  s t r ipped  o f f  by sub t rac t ing  from t h e  
i n t e r c e p t  time (T ) ,  t h e  two-way travel- t ime of a  near v e r t i c a l  ray  2u 
path through t h e  1.2 km/s l aye r .  Thus t h e  new input  da ta  f o r  t h e  two- 
dipping l aye r  model are:  
T2u = 1.48 S - when correc ted  f o r  t h e  s t r ipped  100 metre 
t h i c k ,  1.2 km/s l a y e r  T = 1.32 S. 2u 
With t h e  above parameters s u b s t i t u t e d  i n t o  t h e  equations of 
f i g .  5.16 t h e  following a r e  derived: 
i = 42.2O 2 
e 2  = 1.90 
V2 = 4.8 km/s 
Z2 = 1.4 km 
H2 = 2.14 km (2.24 km when t h e  1.2 km/s l a y e r  is allowed f o r )  
The travel-time data and the first-order structural solution are 
shown in fig. 5.15. Table 5.3 lists the uncertainty in T for line 0 
segment 3 (i.e. TZU) to be 0.13 s at the 90% confidence level. This would 
give an uncertainty in the thickness estimate for the 1400 metre thick 
3.2 km/s layer of 350 metres. Thus the error in the above depth estimates 
is about 25%. The principal causes of this rather large error are 
attributed to the wide geophone spacing and the deviation of the real 
structure from plane isovelocity layers. 
5.4.4 Ray tracing 
The best-fit ray-tracing solution is shown in fig. 5.17. This 
solution was arrived at by holding the 3.2-4.8 km/s interface at the 
position indicated by the first-order structural solution and adopting a 
5.0 km/s velocity for the interpreted greywacke abuttment. 
The arrival at station 3 from MS1 was up to 0.8 s late. Trial 
ray-tracing solutions indicated that this station is placed almost directly 
above the interpreted surface projection of the greywacke fault and was 
effectively in a shadow zone with respect to arrivals from the 4.8 km/s 
refractor. Furthermore, the line up of this arrival with the projection 
of the 3.4 km/s line segment (fig. 5.17) from MS1 suggests that this 
arrival represents seismic energy propagating up the proposed 3.2 km/s 
refractor. 
5.4.5 Gravity interpretation 
Seismic velocities in the model of fig. 5.1 were converted 
to densities with the Nafe-Drake relationship given in appendix B. Using 
these converted densities, with respect to a basement density of 2 -65 ~cj=/m~ , 
and depths obtained from the refraction interpretation it was found that 

only -440 pN/kg of the observed -650 vN/kg residual anomaly could be 
accounted for. Hence, there is a "secondary residual gravity anomaly" 
of -210 pN/kg and it would appear that a low-density mass distribution 
deeper than 2.2 km is required. 
A trial solution to the residual gravity profile along the seismic 
line is shown in fig. 5.18. This solution, just one of many possible, 
involves a rectangular volume of low density material (density contrast 
-0.45 Mg/m3) in the depth range 3 to 7 km. 
An alternative trial solution would be to consider that the 
4.8 km/s layer represents a thin, high-velocity layer which overlies a 
deeper sequence of low-density volcanic rocks. However, the density data 
discussed in the previous chapter indicate that the increase of density 
with depth for the volcanic rocks of the Central Volcanic Region is such 
that their densities are approaching 2.50-2.60 Mg/m3 in the depth range 
of 2-3 km. A trial model showed that a mass anomaly of density contrast 
-0.15 PIg/m3 (i.e. absolute density of 2.50 ~ ~ / m ~ ) ,  and with its top 
surface at a depth of 3 km, would be required to extend to depths of 14 km 
just to account for amplitude of the observed residuals, with a consequence 
that the gradients could not be matched. This trial model was therefore 
rejected. 
5.4.6 Geological Interpretation 
Experimental and theoretical studies by Ewart et al. (19751, 
Murase & McBirney (1973) and Heming (1979) point to a density range of molten 
rhyolite from 2.05 to 2 -41 Mg/m3; the range being due to differing 
chemical compositions and water content. Hence the density contrast of 
-0.45 Mg/m3 used for the mass anomaly beneath seismic basement in fig. 5.18 
is compatible with a model of molten rhyolite emplaced in basement rocks 
of density 2.65 to 2.75 Mg/m3. 
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Fig. 5.18 A trial gravity model 
for a profile along the Mangakino 
seismic line. The seismic velocity 
and density structure for the 
vdlcanic cover is shown on the P 
right. The gravity effects are W I-' 
calculated with ?espect to a 
basement density of 2.65 ~ ~ / m ~ .  
Two-dimensionality is assumed for 
the volcanic cover (mass anomaly 1) 
but the lower mass anomaly (2) 
has a strike length of 5 km both 
into and out of the plane of the 
profile. Calculated gravity effect 
obtained usinq the 2%-dimensional 
gravity interpretation method 
outlined in appendix D. 
Further geophysical and geological observations that lend both 
direct and indirect support to the model of molten rhyolite beneath the 
Mangakino region are: 1) The geomagnetic depth sounding work of Midha (1979) 
detected a suppressed Z-response of the natural variation in the geomagnetic 
field over an area which is approximately coincident with the Mangakino 
gravity low (see fig. 5.19). Although no modelling of this anomaly was 
performed, Midha noted that the anomalous Z-response "lends qualitative 
support" to Hochstein's proposal of molten rock at a shallow depth beneath 
Mangakino. 
2) The geological map of Healy et al. (1964) shows 
a small geothermal field in the vicinity of Lake Maraetai. Visible surface 
manifestations of this field have now been eradicated by the man-made lake 
and the heat output of this field is unknown. However, a local resistivity 
low, which are characteristic of many of the geothermal fields in the 
Central Volcanic Region (Hatherton et al., 1966), has been detected in the 
vicinity of Lake Maraetai (W.J.P. McDonald, pers. comm.). 
3) A stratigraphic study of North Island ignimbrites 
by Blank (1965) show that a large ignimbrite sheet found to the west of 
the Central Volcanic Region has an estimated volume of 200 km3 and 
"...appeared to have a source somewhere in the Mangakino Basin". This 
ignimbrite sheet, named the Ongatiti ignimbrite by Blank, is possibly the 
largest and oldest (fission track dated at 0.73 My by Kohn (1973)): to 
have been erupted from the Central Volcanic Region. 
If the proposed magma body beneath Mangakino is a relic from an 
ignimbrite eruption that occurred 0.7 My aqo a study of the coolina curves 
presented by Lachenbruch et al. (1976) would suggest that any remanent 
magma would certainly have cooled and be frozen by now. Alternatively, 
magma may have been reinjected more recently but in this case one might 
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Fig. 5.19 The association of a geomagnetic induction anomaly 
found by Midha (1979) with the Bouguer gravity anomaly 
in the Mangakino area. 
a n t i c i p a t e  a more prominent thermal anomaly t o  be  observed i n  t h e  
Mangakino area .  
Heat-flow measurements were attempted i n  bore holes around t h e  
Maraetai dam, c lose  t o  t h e  southern shot-point ( f i g .  5.13). These holes  
were p u t  down about 30 years  ago f o r  dam inves t iga t ion  work but  have now 
collapsed a t  o r  near t h e  water t a b l e  mark. A l l  a t tempts a t  heat  flow 
measurements proved unsuccessful.  However i n  view of t h e  widespread 
hydrothermal c i r c u l a t i o n  t h a t  i s  suspected t o  occur wi th in  t h e  upper c r u s t  
of t h e  Central  Volcanic Region (Studt  & Thompson, 1969) it i s  f e a s i b l e  
t h a t  even i f  the re  i s  a l a r g e  body of molten r h y o l i t e  a t  a shallow depth 
beneath Mangakino, hea t  from t h e  molten rock could be c a r r i e d  by the  
c i r c u l a t i n g  water and discharged elsewhere. 
A t  t h i s  s t age  t h e  i n t e r p r e t a t i o n a l  model i n  f i g .  5.18 i s  s t i l l  
considered t e n t a t i v e .  Although t h e r e  i s  converging evidence t o  suggest 
t h a t  t h e r e  is  molten, o r  p a r t l y  molten, r h y o l i t e  beneath Mangakino, t h e  
sheer  s i z e  of  the  body depicted i n  f i g .  5.18 seems doubtful .  The volume 
of t h e  proposed body i s  about t h r e e  times l a r g e r  than t h a t  of any known 
ignimbri te  sheets  erupted from t h e  Central  Volcanic Region and the  
d i f f e r e n t i a l  s t r e s s e s  wi th in  t h e  upper c r u s t  implied by t h e  body of low-density 
molten rock a r e  la rge .  Before proceeding with f u r t h e r  discussion on t h e  
Mangakino g rav i ty  low, seismic and g rav i ty  da ta  from t h e  Taupo region w i l l  
be examined. 
5.5 Seismic and g rav i ty  da ta  from t h e  Tihoi-Taupo a rea  
I n  chapter  4 r e s u l t s  and an i n t e r p r e t a t i o n  of t h e  Taupo r e f r a c t i o n  
survey were introduced ( see  f i g s  4.13 and 4.14). Although t h i s  survey was 
only f o r  reconnaissance purposes, and consequently t h e  da ta  i s  somewhat 

sparse, it nevertheless is sufficient to highlight a fundamental conflict 
between the seismic interpretation offered by Robinson et al.  (1981) 
and the observed residual gravity data from the same region. Namely, 
the seismic interpretation suggests the presence of a flat refractor at 
a depth of 2 km beneath the Wairakei-Tihoi-Lake Ohakuri region, whereas 
residual gravity anomalies show a -200 ~ N h g  variation over the same area. 
In other words the delay times due to low-velocity volcanic rocks are 
ide~tical, irrespective of whether the observed residual gravity anomaly 
is -350 or -550 m/kg. One possible explanation for this conflict is 
that a portion of the residual gravity anomaly is due to a low-density 
source deeper than 2 km. 
An interpretation of a closely-spaced west-east gravity profile 
across this region is shown in fig. 5.20. The velocities supplied by 
Robinson et a l .  (1981) were converted to densities and the residual gravity 
effect of the low-velocity rocks, with respect to a density of 2.65 Mg/m3, 
was calculated to be -340 ~N/kg. For a 2 km-thick section this is 
equivalent to an average density contrast of -0.4 Mg/m3; however 
allowance for this seismically-determined section still leaves a secondary 
residual anomaly of about -200 pN/kg unaccounted for. The interpretation 
offered in fig. 5.20 features a three-dimensional body of density contrast 
-0 -4 Mg/m3, in the depth range 3 to 6 km, to explain this secondary 
residual anomaly. 
The best explanation for such a low-density mass is molten rhyolite 
when the same arguments as those developed for the Mangakino secondary 
residual gravity interpretation are applied. Few objections can be raised 
to this model on the basis of the heat flow considerations, as heat discharges 
from the Wairakei area at the rate of about 530 megawatts (fig. 2.13). 
However, the model does conflict with an interpretation of microearthquake 
d a t a  from t h i s  region.  Evison e t  al. (1976) found t h a t  microearthquake 
a c t i v i t y  west of Wairakei was high i n  the  depth range 2-6 km, while 
Robinson e t  al. (1981) found no appreciable P-wave delays f o r  s t a t i o n s  
located  i n  the  same region.  The presence of a l a r g e  mass of molten 
r h y o l i t e ,  a s  indica ted  i n  f i g .  5.20, would reduce s t r eng th ,  and hence 
earthquake a c t i v i t y ,  and poss ib ly  cause a P-wave delay. 
The secondary r e s i d u a l  gravi ty  anomaly of about -200 vN/kg p resen t  
i n  the  Tihoi-Taupo region,  a f t e r  the  g rav i ty  e f f e c t  of t h e  seismical ly-  
determined thickness of low-velocity rocks i s  removed, i s  q u i t e  s i m i l a r  t o  
t h a t  a t  Mangakino. An a l t e r n a t i v e  means of explaining these  secondary 
r e s i d u a l s  i s  t o  consider  t h a t  t h e r e  i s  a continuum of dens i ty  i r r e g u l a r i t i e s  
r i g h t  down through t h e  crust-mantle column of t h e  Central  Volcanic Region. 
For such a s i t u a t i o n  it is not  poss ib le  t o  make a geologica l ly  meaningful 
separa t ion  of t h e  t o t a l  g rav i ty  anomaly f i e l d  i n t o  regional  and r e s i d u a l  
g rav i ty  anomalies ( see  chapter  3 ) .  This po in t  i s  i l l u s t r a t e d  by a 
comparison of t h e  two poss ib le  "deep s t ruc tu re"  models f o r  the  Centra l  
Volcanic Region shown i n  f i g .  5.21. 
I n  model a )  of f i g .  5.21 a model f o r  t h e  subducted p l a t e ,  s i m i l a r  
t o  t h a t  proposed by Hatherton (1970) (see  f i g .  2 .4a) ,  i s  considered a s  t h e  
source of t h e  regional  g rav i ty  anomaly f i e l d ,  and t h e  negative r e s i d u a l s  
of about -340 pN/kg a r e  due e n t i r e l y  t o  t h e  2 km thickness of s u p e r f i c i a l  
volcanics with a d e n s i t y  c o n t r a s t  of -0.4 ~ ~ / m ~ .  Because t h e  r e spec t ive  
sources of the  regional  and res idua l  gravi ty  anomaly f i e l d s  a r e  we l l  
separated i n  depth, with r e spec t  t o  the  width of t h e  Region, the  regional-  
r e s i d u a l  gravi ty  anomaly separa t ion  can be performed unambiguously and thus 
has some geological  meaning. Model b ) ,  on t h e  o t h e r  hand, contains t h e  same 
2 km t h i c k  sec t ion  of s u p e r f i c i a l  volcanics a s  model a ) ,  b u t  a l s o  inc ludes  
a negative mass anomaly i n  t h e  depth range 2-10 km of dens i ty  c o n t r a s t  
/ 
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Fig. 5.21 Two possible "extreme-case" models 
to explain the regional and residual 
gravity anomalies of the Central 
Volcanic Region. Both models 
incorporate the same 2 km thick, near- 
surface mass anomaly that represents 
the low-density volcanics. 
Density contrasts in M ~ / I - P ~ .  
-0.15 ~ g / m ~ ;  these  two negative mass anomalies a r e  i so s t a t i c a l l y  
compensated by a pos i t ive  mass anomaly, which may be in terpreted t o  
represent a t h i n  c r u s t  f o r  t he  Region, i n  t he  depth range of 15 t o  22.5 km. 
Model b) i s  similar  t o  the  i s o s t a t i c a l l y  compensated s t ructures  found t o  
be associated with some continental  r i f t s ;  f o r  example the  Baikal R i f t  
a s  described by Zorin (1981). Because the  th ree  mass anomalies i n  model b 
a r e  not  well separated i n  depth, with respect  t o  t he  width of the  Region, 
the  derived res idual  anomaly of -420 pN/kg bears l i t t l e  re la t ionship  t o  
the  gravi ty  e f f ec t  of any one of t he  three  mass anomalies i n  t h e  model; 
i n  t h i s  s i t ua t i on  the  separation of t h e  gravi ty  anomaly f i e l d  i n to  
regional  and res idual  components has l i t t l e  geological meaning. 
3 The use of a -0.15 Mg/m density contras t  (model b , f i g .  5.21) 
between the  c ru s t a l  rocks of t h e  Central Volcanic Region, i n  the  depth 
range of 2-10 km, and t he  greywacke rocks i n  the  same depth range t h a t  
flank the  Region, requires  some jus t i f i ca t ion .  Although seismic 
ve loc i t i e s  a t  a  depth of 2-3 km within t h e  Region (4.8-5.5 km/s) appear 
t o  be only s l i gh t l y  lower than those fo r  greywacke rocks (5.4-5.9 km/s) 
a t  an equivalent depth found elsewhere within the  North Island 
(Garrick, 1968; Ferguson e t  a l . ,  1980; Sissons & Dibble, 1981) t h e  
uncertainty i n  the  empirical re la t ionsh ip  between density and seismic 
veloci ty  i s  such t h a t  two rock types with s imi la r  ve loc i t i e s  may be 
associated with dens i t i es  t h a t  d i f f e r  by a s  much as  0.15 ~ g / m ~  (sect ion 4.3.3) . 
The density of greywacke rocks deep beneath t he  ranges t h a t  f lank 
the  Central  Volcanic Region i s  unknown. However, an indicat ion of t he  
upper l i m i t  f o r  the  density t h a t  these  rocks a r e  capable of a t t a in ing  
can be gained by considering t he  p a r t i c l e  density of the  low-grade meta- 
morphic equivalent of these  greywackes - t he  a lp ine  and Otago s ch i s t s  
found i n  t he  South Is land (Wellman, 1956) . Hatherton & Leopard (1964) 
give a value of 2 -75 ~ g / m ~  as the  mean p a r t i c l e  density of these  s ch i s t s .  
Thus i f  the  c ru s t a l  rocks of the  Central  Volcanic Region i n  t h e  depth 
3 
range o f ,  say, 2 t o  10 km have an average density of 2.60 Mg/m , a density 
not incompatible with t he  observed seismic ve loc i t i e s  of 4.8-5.5 km/s 
3 (appendix B ) ,  then t h e  proposed density con t ras t  of -0-15 Mg/m between 
the  c ru s t a l  rocks of t he  Region, on one hand, and the  greywacke ranges, 
on the  other ,  i s  not  unreasonable- 
A three-dimensional version of a model s imi lar  t o  t h a t  of 
model b) i n  f i g .  5.21 w i l l  be used i n  chapter 7 a s  one component of a 
gravi ty  i n t e rp r e t a t i ona l  model fo r  t he  c e n t r a l  North Island,  and 
eventually preferred in te rpre ta t ions  of t he  gravi ty  lows a t  Taupo and 
Mangakino w i l l  b e  presented. 
5.6 Velocity Versus Depth Relationships 
In te rpre ta t ion  of the  r e f r ac t i on  da ta  from t h e  Rotoehu and 
Mangakino surveys has so f a r  been made under t h e  assumption of a subsurface 
consis t ing of plane isoveloci ty  layers .  Accordingly, the  data  were 
approximated by a s e r i e s  of s t r a i g h t  l i n e  segments. The data  from MS1, 
up t o  and including s t a t i o n  4 ( f i g .  5 -15) ,  and RS1, up t o  and including 
s t a t i o n  8 ( f i g .  5 .8) ,  could equally well  be described by smooth curves; 
t h e  necessary assumption then being t h a t  t he  subsurface cons i s t s  of rocks 
whose veloci ty  va r i a t i on  is  only i n  the  v e r t i c a l  d i rec t ion  and t h a t  t h i s  
va r i a t i on  i s  a continuous increase with depth. Smooth curves were 
constructed t h a t  provided a f i t  t o  the  data  from MS1 and RS1 with standard 
e r ro rs  l e s s  than 0.1 S.  The gradients of these  curves were then calcula ted 
a t  i n t e rva l s  of 0.5 km and these  data  were then applied t o  a numerical 
in tegra t ion  of t h e  Weichart-Herglotz-Bateman function ( f i g .  5.1). 
Fig. 5.22 shows the  velocity-depth functions so derived, f o r  both Mangakino 
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Fig.  5.22 Seismic v e l o c i t y  and dens i ty  versus depth functions 
f o r  t h e  Mangakino and Rotoehu seismic data .  The 
continuous v e l o c i t y  with depth funct ions  were 
ca lcula ted  with t h e  W-H-B i n t e g r a l  ( f i g .  5 .l) a s  
described i n  t h e  t e x t .  
and Rotoehu, compared with the  respective plane-layered velocity with 
depth functions, 
For the  data  from Rotoehu, Mangakino and Taupo ( f i g .  4.14) 
the continuously increasing veloci ty  with depth functions give l a rger  
estimates fo r  the  depth t o  the 4.8 t o  5.5 km/s rocks than do t he  
plane-layer in te rpre ta t ions .  A s  discussed i n  sect ion 5.2.2 t h i s  can be 
explained by there  being a presence of both low-velocity and b l ind  zones 
( f i g .  5.2) within t he  subsurface. Blind zones cause an underestimation 
of t he  t rue  depths, and only a f f e c t  the  plane-layer in te rpre ta t ion  method, 
whereas low-velocity zones cause an overestimate of the  t r ue  depths f o r  
both methods of in te rpre t ing  t he  data. Therefore, given a s e t  of 
re f rac t ion  data  from an a rea  which has both low-velocity and b l ind  zones 
within the  subsurface, a plane-layered in te rpre ta t ion  of the  data would be 
expected t o  y ie ld  a smaller depth t o  t he  highest  velocity rocks and 
t h i s  depth should be c loser  t o  the  t r u e  depth. 
5.7 Conclusions 
The deployment of microearthquake instruments t o  record seismic 
energy from a r t i f i c i a l  explosions has proved an e f fec t ive  means of 
carrying out  seismic re f rac t ion  experiments within t he  Central Volcanic 
Region. Judicious se lec t ion  of seismograph s i t e s  and deep-water shot  
points i s ,  however, des i rable .  
Fig. 5.23 summarises the  plane layer  in te rpre ta t ions  of t h e  
th ree  re f rac t ion  surveys discussed i n  t h i s  chapter. The most notable 
points  of these  data a r e  summarised by t h e  following four points:  
1. The thickness of low-velocity volcanic rocks i s  much the  same a.t 
the two seismic re f rac t ion  s i t e s  t h a t  a r e  outs ide  of t h e  boundaries 
of t he  Taupo Volcanic Zone (Rotoehu and Mangakino) a s  a t  t he  one 
s i t e  within t he  Zone (Taupo) . Thus s t r u c t u r a l  depression 
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Fig .  5.23 A sunnary of t h e  t h r e e  r e f r a c t i o n  i n t e r p r e t a t i o n s  
discussed i n  t h i s  chapter .  The loca t ions  of t h e  
t h r e e  surveys a r e  shown superimposed on t h e  r e s i d u a l  
g rav i ty  map i n  t h e  lower f igure .  
i s  not  j u s t  confined t o  t h e  youthful  and c u r r e n t l y  a c t i v e  Taupo 
Volcanic Zone. 
2. The thickness of volcanic rocks with v e l o c i t i e s  l e s s  than 3.2 km/s 
is  g rea te r  a t  Mangakino than a t  t h e  o ther  two r e f r a c t i o n  s i t e s .  This ,  
i n  p a r t ,  accounts f o r  t h e  l a r g e r  negative r e s i d u a l  g rav i ty  anomalies 
t h a t  a r e  observed a t  Mangakino than a t  Taupo o r  Rotoehu. 
3 .  ~t a l l  t h r e e  l o c a l i t i e s  no appreciable d i p  was found on t h e  deepes t ,  
o r  basement, r e f r a c t o r s .  I f  t h e  Central  Volcanic Region i s  under la in  
by a Mesozoic sedimentary basement t h a t  has slumped, and has then 
been l o c a l l y  ruptured a s  a r e s u l t  of subcrus ta l  melt ing and concomitant 
r h y o l i t i c  volcanism, then it is  an t i c ipa ted  t h a t  such a basement 
would d i sp lay  considerable s t r u c t u r a l  r e l i e f  on i t s  top  surface ,  r a t h e r  
than being f l a t  a s  suggested by t h e  r e f r a c t i o n  da ta .  The p re fe r red  
i n t e r p r e t a t i o n  of t h e  4.8-5.5 km/s seismic v e l o c i t i e s  t h a t  occur a t  
a depth of 2-3 km i s  t h a t  they do not  r ep resen t  a l i t h o l o g i c a l  
boundary, but  merely r ep resen t s  igneous o r  compacted volcanic rocks a t  
t h i s  depth; t h i s  i n t e r p r e t a t i o n  i s  cons i s t en t  with t h e  rock proper ty  
d a t a  presented i n  chapter  4. However, no f i rm conclusions regarding t h e  
petrology of basement rocks f o r  t h e  Centra l  Volcanic Region can be 
drawn from these  seismic d a t a  alone. The ques t ion  of what type of rock 
c o n s t i t u t e s  basement f o r  t h e  Central  Volcanic Region need not  concern 
t h e  g rav i ty  i n t e r p r e t a t i o n  a t  t h i s  s tage ,  bu t  it w i l l  be discussed again 
i n  chapter 8 where t h e  hea t  output  f o r  t h e  Region i s  examined. 
4. The in te rp re ted  v e l o c i t y  sec t ions  a t  Rotoehu and Taupo a r e  s i m i l a r  y e t  
t h e  r e s idua l  g rav i ty  anomalies a t  these  two l o c a l i t i e s  d i f f e r  by about 
200 UN/kg. The r e s i d u a l  anomalies along t h e  r e f r a c t i o n  p r o f i l e  a t  
Rotoehu can s a t i s f a c t o r i l y  be  explained by t h e  se ismical ly  determined 
th ickness  of low-velocity, and the re fo re  low-density, volcanic 
rocks.  I n  con t ras t ,  a t  both Taupo and Mangakino, secondary 
res iduals  of about -200 pN/kg remain a f t e r  the  calculated gravity 
e f f ec t  of t he  seismically determined thickness of volcanic rocks is  
allowed for .  In terpreta t ions  of these  secondary res iduals  i n  terms 
of molten rhyo l i t e  emplaced beneath the  seismic basement were 
considered t en t a t i ve  for  reasons discussed i n  the  t ex t .  I n  par t i cu la r  
t he  sheer volumes (a700 km3) of the  required magma bodies is  doubtful, 
and a t  Taupo there  i s  geophysical evidence which would not support such 
a model. For the  purpose of obtaining a physically plausible  
explanation f o r  these secondary res idual  gravity anomalies it is  
proposed t h a t  the  upper c ru s t a l  rocks of the  Central Volcanic Region 
a r e  themselves l e s s  dense than t h e  upper c ru s t a l  rocks, a t  an equivalent 
depth, elsewhere within the  North Island. I n  such a s i t ua t i on  the  
anomalous gravi ty  e f f ec t  of t he  upper c ru s t a l  rocks of t he  Region 
w i l l  possess both regional and res idua l  components and t he  d i s t inc t ion  
between regional  and res idual  gravi ty  anomalies fo r  the  Central  
Volcanic Region w i l l  become obscure. 
To demonstrate t h i s  proposal a deep s t ruc ture  model f o r  the  
Central Volcanic Region i s  required whose calculated gravi ty  e f f e c t  w i l l  
account f o r  the  complete gravity anomaly f i e l d .  This w i l l  be t h e  topic  
presented i n  chapter 7 and i n  chapter 8 preferred in te rpre ta t ions  of the 
gravity lows a t  Taupo and Mangakino w i l l  be made. 
The following chapter i s  a s l i g h t  digression from the  cen t ra l  
aim of t h i s  t h e s i s  i n  t h a t  it has only an i nd i r ec t  bearing on a gravity 
in te rpre ta t ion  f o r  t h e  Central  Volcanic Region. The magnetic anomaly 
f i e l d  is  studied i n  the  frequency domain fo r  t he  purpose of f inding t he  
average maximum depth extent  of magnetic source bodies wi thin  t he  Taupo 
Volcanic Zone; t h i s  depth being in te rpre ted  a s  t h a t  of t he  Curie point  
isotherm. 
CHAPTER 6 DETERMINATION OF DEPTH TO THE CURIE POINT ISOTHERM 
FROM MAGNETIC ANOMALY DATA 
Summary: 
The magnetic anomalies of the Central Volcanic Region are analysed 
in the frequency domain with a view to determining the maximum depth extent 
of the magnetic source bodies. This is estimated to be 6.252.0 km and is 
interpreted as the average depth of the Curie point isotherm. 
6.1 Introduction 
A smoothed version of the aeromagnetic map of Whiteford (1976) 
for the Central Volcanic Region is shown in fig. 6.1. Viewed alone, the 
anomalies appear impressive. The magnetic signature of the Region is, 
however, seen in its broader context by inspecting fig. 6.2, where North 
Island magnetic anomalies both on and off shore are shown. It can be 
observed from this perspective that the Central Volcanic Region is 
situated within an area of generally negative anomalies upon which small- 
amplitude, short-wavelength, positive anomalies are superimposed. It 
would appear, therefore, that the magnetic source bodies within the 
Central Volcanic Region are shallow relative to those situated offshore. 
The level at which the deepest, discrete, magnetic source exists 
is here termed the base of the magnetic crust. This depth may depend on 
one of two factors. Temperatures may be such that rock magnetism vanishes - 
because the Curie point isotherm, or Curie depth, is reached. Alternatively, 
the base of.the magnetic.crust may correspond to the termination of a 
lithological .unit which possesses a strong magnetisation contrast with 
respect to surrounding rocks. 
Fig. 6.1 Total force magnetic anomaly map of . 
the Central volcanic Region; simpli- 
1525 metres. Dashed lines enclose 
the area that was digitised for 
spectral analysis. 
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Fig.  6.2 Magnetic anomaly map for some 
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To test for the alternative proposition would require 
corroborating geophysical evidence in the form of say deep seismic 
sounding, to establish a correspondence with some seismic velocity boundary. 
In the absence of the necessary data this proposal cannot be rejected out 
of hand. For the Central Volcanic Region, however, where the average heat- 
flow of at least the eastern half of the Region is 12 times greater than 
normal (section 2.2.6) . and where high temperatures are likely to occur at 
abnormally shallow depths, the determination of the base of the magnetic 
crust will be considered equivalent to a determination of the average depth 1 i 
to the Curie point isotherm. 
The Curie Point for pure magnetite (Fe304), is 580°c, while for 
titanonagnetite - the most common magnetite-bearing mineral in igneous 
rocks - it is less than 570'~ (Byerly & Stolt, 1977). An increase in the 
titanium content of titanomagnetite causes a reduction in the Curie 
temperature; such an increase is more common in mafic igneous rocks 
(Nagata, 1961). Byerly & Stolt argue for a 500'~ Curie temperature'for 
felsic plutons, and since acid volcanic rocks dominate at least the top 2 km 
of the Central Volcanic Region this figure will be adopted here. 
6.2 Magnetic anomaly analysis- in the spatial domain 
It is instructive to compare the results of previous magnetic. 
modelling within the Central Volcanic Region'. Common to the studies of 
~odriniak' & ,Studt (1959) and Malahof f (1968) are models for the magnetic l 
anomaly at Waiotapu and the "~arget ~a~netic Anomaly l1 near ~airakei . Using I 
similar magnetisation values, there is a close correspondence in the depth 
to the top (ZT) and horizontal extent, of the respective models, but- a 
considerable discrepancy in the depth to the- bottom (ZB) . The greatest 
difference.in ZB determinations comes from a cornparisoh of the models for 
t h e  magnetic anomaly over t h e  Okataina volcanic  c e n t r e  given by Rogan (1980) 
( 2  km) and t h a t  given by Malahoff (1968) (12 km). The ZB i r r e s o l u t i o n  
problem can be  ascr ibed t o  t h e  swamping by ad jacen t  anomalies of  t h e  
broad,  low-amplitude negative f l anks  of p o s i t i v e  anomalies. It is  these  
long-wavelength negative f l anks  which con ta in  t h e  c r u c i a l  information 
p e r t a i n i n g  t o  ZB. 
Shuey e t  a l .  (1977) t r i e d  t o  i n f e r  depth t o  t h e  bottom of magnetic 
sources wi th in  t h e  Utah high p la teaus  from aeromagnetic da ta .  They found 
t h a t  i n  a s t a t i s t i c a l  sense ,  f o r  a s e t  of e i g h t  i s o l a t e d  anomalies, 
" the  d a t a  ... fit equally we l l  f o r  any pos tu la ted  depth t o  t h e  bottom." 
These d i f f i c u l t i e s  i n  es t imat ing  ZB provided t h e  necessary incen t ive  
t o  t u r n  t o  a s t a t i s t i c a l  frequency-domain approach o f  analysing magnetic 
d a t a  from t h e  Centra l  Volcanic Region. The prime t h e o r e t i c a l  advantage 
of  t h i s  approach i s  t h a t  s i g n a l s  emitted from t h e  t o p  and bottom of a 
group of  source bodies,  although l a r g e l y  superimposed on each o the r  i n  
t h e  s p a t i a l  domain, have d i f f e r i n g  wavelength c h a r a c t e r i s t i c s  and w i l l  
t h e r e f o r e  separa te  i n  t h e  frequency domain. 
6.3 Spec t ra l  a n a l y s i s  of two-dimensional a r r a y s  o f  s p a t i a l  da ta  
The aeromagnetic map can be  considered a s  a desc r ip t ion  of  t h e  t o t a l  
magnetic anomaly f i e l d  on a hor izon ta l  p lane  a t  a f ixed  e leva t ion  above 
t h e  s u r f a c e  of t h e  e a r t h ,  This  i s  c a l l e d  a " s p a t i a l  desc r ip t ion"  of t h e  
d a t a  and i s  genera l ly  represented a s  a contoured map of  t h e  f i e l d  T ( x , y ) ,  
An a l t e r n a t i v e  t o  t h e  " s p a t i a l  desc r ip t ion"  i s  a p resen ta t ion  o f  the  same 
d a t a  i n  t h e  freq;ency domain.   or‘ a given magnetic map d i g i t i s e d  a t  
i n t e r v a l s  Ox and Ay km and extending over the range 0 X < ~ - l ( A x )  
and 0 S y N-l(Ay) it i s  poss ib le  t o  r e p r e s e n t  t h e  d a t a  i n  t h e  frequency 
domain by using t h e  fol lowing d i s c r e t e  Four ie r  t ransform: 
t h e  inver se  i s  s i m i l a r  being: 
The f requencies  resolved a re :  
Af =  NAY cycles/km 1 = 0 ,  fl,  22  ..... N/2 
Y 
and t h e  s e r i e s  i s  bounded by the  upper frequency l i m i t ,  o r  Nyquist frequency, 
of 1/2Ax (1/2Ay) cycles/km. The frequency increments, o r  frequency 
' r e s o l u t i o n ,  i s  l / M x  ( l / ~ A y )  cycles/km. 
A s  both  t h e  map dimensions M A x  and NAY a r e  made i n f i n i t e  t h e  
frequency increments become i n f i n i t e s i m a l .  And i n  add i t ion  i f  t h e  sampling 
i n t e r v a l s  Ax, Ay a r e  reduced t o  zero t h e  upper frequency bounds w i l l  
become i n f i n i t e .  I n  such a case  t h e  d i s c r e t e  Four ier  t ransform p a i r  
(equation 6 -1) reduces t o  t h e  Fourier  i n t e g r a l :  
A d e f i n i t i o n  o f  t h e  power o r  energy spectrum may be obtained from 
equation 6 .l a s  fol lows : 
and t h e  square r o o t  of  t h i s  quan t i ty  i s , c a l l e d  t h e  amplitude spectrum. 
The energy spectrum i s  a real-symmetric func t ion  and t h e r e f o r e  only  two 
quadrants o f  t h e  frequency plane  need b e  evaluated.  Thus energy spec t ra  
a r e  most e a s i l y  viewed i n  p r o f i l e  form by t ak ina  r a d i a l  averages over 
2 % 180° o f  f  , f  space and w i l l  b e  designated E ( f )  where f  = (f 2+f ) . 
X Y X Y 
For a  f i n i t e  da ta  s e t  sampled a t  cons tant  i n t e r v a l s  one must use 
t h e  d i s c r e t e  Fourier  t ransform (eauat ion  6.1) t o  o b t a i n  an est imate 
o f  t h e  t r u e  spectrum f o r  t h e  d a t a ,  I n  a  comprehensive review of the  
s p e c t r a l  est imation process ,  Spector  (1968) notes  t h a t  t h e  useable 
p o r t i o n  of t h e  spectrum of a  d i s c r e t e  d a t a  s e t  w i l l  be band-width l imi ted .  
Imperfect removal of  r e g i o n a l  t r e n d s  from t h e  o r i g i n a l  s p a t i a l  da ta  and 
f i n i t e  d a t a  e f f e c t s  w i l l  d i s t o r t  t h e  low frequency end o f  t h e  spectrum 
while t h e  s p e c t r a l  content  o f  random noise may climb above the  s i g n a l  
l e v e l  a t  t h e  high frequency end. Appendix E conta ins  a  d iscuss ion o f  t h e  
s t e p s  taken t o  minimise t h e s e  e f f e c t s  a s  we l l  a s  a  desc r ip t ion  and l i s t i n g  
of  t h e  f a s t  Fourier  t ransform computer programme used f o r  t h i s  s tudy.  
The energy spectrum is  r e l a t e d  t o  t h e  aeromagnetic map through 
t h e  Four ier  t ransformation.  Therefore a t  each p o s i t i o n  of t h e  frequency 
plane  t h e  energy dens i ty  conveys information p e r t a i n i n g  t o  a  p a r t i c u l a r  
c h a r a c t e r i s t i c  of t h e  whole map s h e e t .  It i s  because o f  t h i s  i n t e g r a t i o n  
e f f e c t  t h a t  analyses of  s p e c t r a  may be used t o  o b t a i n  parameter averages,  
such a s  average depth o r  s i z e ,  of  t h e  magnetised bodies wi th in  the  
subsurface  of t h e  region being s t u d i e d  a s  a  whole. Thus t h e  method i s  
p a r t i c u l a r l y  well  s u i t e d  t o  t h e  study of geologica l ly  d i s t i n c t  a reas ,  
such a s  t h e  Centra l  Volcanic Region, where magnetic anomalies over lap ,  
t h e  o v e r a l l  p a t t e r n  o f  anomalies i s  complex and it i s  d i f f i c u l t  t o  o b t a i n  
c o n s i s t e n t  r e s u l t s  from t h e  modell ing of ind iv idua l  anomalies i n  the  
s p a t i a l  domain. 
6 - 4  Recovering source parameters from t h e  spectrum 
The physica l  b a s i s  of applying t h e  spectrum t o  t h e  r e s o l u t i o n  of 
source  body parameters l i e s  i n  t h e  remarkable manner i n  which these  
parameters sepa ra te  i n  the  mathematical expression f o r  the  power spectrum. 
Fig .  6 . 3  i l l u s t r a t e s  t h i s  point .  Here t h e  g r a v i t y  e f f e c t  of an i n f i n i t e  
hor i zon ta l  cy l inder  and i t s  one-dimensional frequency response a r e  
ca lcu la ted .  Note t h a t  the  exponential  decay r a t e  o f  t h e  spectrum i s  
r e l a t e d  t o  only one source body parameter - t h e  depth t o  the  cen t re  of  the  
cy l inder .  This then  is  the  b a s i s  of source pa rane te r  r e s o l u t i o n  i n  t h e  
frequency domain; t h e  DC l e v e l  of  t h e  spectrum i s  a func t ion  of dens i ty  
o r  magnetisat ion while t h e  shape and decay r a t e  a r e  s o l e l y  funct ions  of  
source body geometry. 
Mathematical expressions f o r  magnetic source bodies a r e  s l i g h t l y  
more complex than t h e  above g rav i ty  example, y e t  i n  essence t h e  procedure 
i s  much t h e  same. Foremost i n  t h i s  f i e l d  of  s tudy is  t h e  work of  
Bhattacharyya (1966) who gave the  frequency domain expressions f o r  simple 
magnetic models such a s  poles ,  d ipo les  and a s i n g l e  rec tangular  prism. 
I n  each case  t h e  transform separa tes  i n t o  m u l t i p l i c a t i v e  f a c t o r s  : f o r  
a r a d i a l l y  averaged spectrum f = ( f  2 t f  1 ' -
X Y  
2 2 ( 4 n  k ) - R T ( I T , D T )  - % ( I ~ , D ~ )  - S ( f )  .C ( f )  .H(f) 
where: k = magnetic moment , 
qr and % a r e  functions of t h e  i n c l i n a t i o n -  (I) and 
d e c l i n a t i o n  ( D ) .  o f  t h e  geomagnetic f i e l d  vec to r  and magnetic moment 
vec to r  r e spec t ive ly .  
The f i r s t  t h r e e  f ac to r s  of  equation 6.3 a r e  funct ions  o f  pole 
s t r e n g t h ,  geomagnetic f i e l d  vec to r  and t h e  magnetic moment f a c t o r  
r e s p e c t i v e l y ,  They a r e  not  functions o f  frequency. Hence t h e s e  t h r e e  
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Fig. 6.3 ~heoretical gravity effect of a horizontal cylinder (top) 
and its associated anplitude spectrmx calculated with the 
fast Fourier transform described in,appendix D. 
fac tors  do not a f f ec t  the  behaviour of t he  spectrum, but only have a 
bearing on the  r e l a t i v e  leve l  of t he  spectrum. Henceforth they w i l l  be 
contained i n  one constant. The l a s t  th ree  fac tors  i n  equation 6.3 a r e  
of c r i t i c a l  i n t e r e s t  a s  these a r e  functions of frequency: 
a )  S ( f )  - shape fac tor  
fo r  a prism of s ides  2anZb: S ( f )  = [sin2nfxa sin2nf b/2rfa 2nfb1 L 
Y 
f o r  a v e r t i c a l  cylinder of radius R: S ( f )  = (Jl(2ITfR) /lTfR) 2 
b)  H ( f )  - depth fac tor  = exp(-4TfZT) 6 - 4  
ZT = depth t o  top of cylinder o r  prism 
c)  C ( f )  - thickness factor  = (l-exp(-2Tft) ) 6.5 
t = thickness of cylinder or prism 
A modified form of equation 6.3 may now be wri t ten.  
E ( f )  = Const. C(£) ,S ( f )  .H(f) 
o r  Ln E ( f )  = Const. + Ln C( f )  + Ln S ( f )  + Ln H(f) 
By varying the  parameters ZT, t ,  and R (or  a and b) equation 6.6 
can accommodate a wide range of geometrical forms with the  behaviour of 
t h e  spectrum being influenced only by t h e  gross geometrical charac te r i s t i cs  
of the  source model. 
The above analysis appl ies  t o  t h e  spectrum f o r  a s ing le  magnetic 
body; t o  analyse a map which contains many anomalies -a  s t a t i s t i c a l  
approach i S required. 
6.5 S t a t i s t i c a l  treatment of t he  magnetic map spectrum 
6.5.1 Introduction 
A t  each harmonic of t he  frequency p l o t  t he  spectrum conveys 
information regarding a pa r t i cu l a r  cha rac t e r i s t i c  of t he  e n t i r e  map sheet .  
This is  t o  say t h e  information given i s  a s t a t i s t i c a l  estimate of 
parameter averages of t he  whole sheet. 
The theory of the  s t a t i s t i c a l  approach, termed ensemble averaging, 
has been discussed i n  d e t a i l  by Spector & Grant (1970) and Nadiu (1968, 
1970a) and only the s a l i e n t  points  and derivations w i l l  be outlined 
here. The theory r e l i e s  on su f f i c i en t  data being contained within the 
map for  t he  s t a t i s t i c s  of the data t o  be re l iab ly  sampled. For example, 
Spector & Grant suggest t h a t  a t  l e a s t  f i ve  o r  six anomalies a re  required 
t o  s a t i s f y  t h i s  c r i t e r ion .  Another important consideration i s  t h a t  
the  s t a t i s t i c a l  proper t ies  of the  process do not change over space. 
This has been demonstrated t o  be a reasonable assumption when measurements 
of t he  f i e l d  a r e  r e s t r i c t ed  t o  one gedog ica l  province (Nadiu, 1970a). 
The aim of the  s t a t i s t i c a l  approach i s  t o  separate  the  ensemble 
source parameters from one or  two ensembles of bodies giving r i s e  t o  the  
aeromagnetic map and then in t e rp re t  them. I t  i s  not intended t o  furnish 
a de ta i led  analysis  of spec i f ic  anomalies. 
6.5.2 Modifications t o  E ( f )  fo r  an ensemble 
The analyses f o r  various ensemble d i s t r ibu t ions  defining H(£), S ( f )  
and C(f)  have been performed by Spector & Grant (1970) f o r  the  case of 
the  rectangular prism, and by Pedersen (1978) f o r  a cylinder.  Spector & .  
Grant considered rectangular d i s t r ibu t ions  for  the  various source parameters 
between 0 and 2 s  where a represents t he  mean value of t h e  parameter i n  
question. Equation 6.6  when modified for  an ensemble of v e r t i c a l  
cylinders with source parameters d i s t r ibu ted  as  described above i s  given by: 
Ln ~ ( f )  = constant + Ln<H(f)> + Ln<C(f)> + Ln<S(f)> 6.7 
where <> denotes ensemble average, and 
< ~ ( f )  > = exp ( -4~ fZ5)  fo r  AZT/ZT < O  - 5  
<C ( f )  > = 1- (3-exp(-4nft) ) ( l - e x p ( - 4 ~ f t )   /8Tft 
where R, F, ZT a r e  mean values of radius ,  thickness and depth t o  top 
of the  cylinders respect ively .  
In  f i g .  6.4 ( a )  Ln<S ( f )  > is  evaluated f o r  various values of R. 
These curves w i l l  be used a s  corrections f o r  the  spectra. After correct ion 
f o r  the  Ln<S(f)> f ac to r ,  recovery of t h e  source parameters may follow 
one of two methods : 
(a)  Location of t he  spec t r a l  peak: Possible solutions of t and ZT t h a t  
produce a peak i n  t h e  spectrum f o r  a pa r t i cu l a r  value of f can be 
deduced i t e r a t i v e l y  from solutions of d/df { L ~ < H  ( f ) >  + L n < ~ ( f  )> l  = 0. 
These a r e  shown i n  f i g .  6 .4 (b) .  It was noted by both Shuey e t  U Z  . 
(1977) and Green (1972) , and it i s  evident from f i g .  6 - 4  (b) , t h a t  
the  resolut ion of i s  poor when t h e  spec t r a l  peak occurs a t  
frequencies l e s s  than say 0.02 cycles/km. 
(b) Linear gradient method: Spector & Grant (1970) noted t h a t  it is  
common f o r  spectra  of magnetic anomaly da ta  t o  possess two sect ions  
of t he  spectrum showing d i f f e r en t  decay r a t e s .  They i n t e r p r e t  t h i s  
as  being due t o  two ensembles of magnetic sources a t  d i s t i n c t l y  
d i f fe ren t  depths. For instance,  consider t he  express ion,for  t h e  
amplitude spectrum of a s ing le  v e r t i c a l  cylinder (Shuey 'et aZ ., 1977 ) : 
T ( f )  = constant,  (exp (-2rf ZT) - exp (-2rf ZB) . 
I f  ZT and ZB a r e  s u f f i c i e n t l y  d i f f e r e n t  t h e  above equation suggests 
t h a t  t he  top  surface of t he  cyl inder  w i l l  a c t  a s  a shallow ensemble 
of magnetic sources,  t he  bottom surface a s  a deeper source and t h e  
logarithmic amplitude spectrum w i l l  be dominated by a l i n e a r  decay 
an ensemble of v e r t i c a l  cy l inders  with average 
Radius 5. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - . - - - - - - - - - -  - -  -..- . . . . . . . . . . . . . . . . . . . . . . . .  
Solutions to d l d f [ ~ n ( ~ t f ) )  + ~ n ( ~ t f 4  = O
Fig .  6.4b Curves represent ing  values  of  ZT i n  f-ZB parameter 
space (ca lcula ted  by i t e r a t i o n  from t h e  formula given 
by Nikhely & Davies (1980) ) .  Cross s e c t i o n  of t h e  
cy l inder  model i s  shown a t  t o p  r i g h t .  
proportional t o  ZB a t  low frequencies and a l i nea r  decay 
proportional t o  ZT a t  t h e  higher frequency end of the  spectrum. 
This w i l l  a l so  be t r u e  f o r  an ensemble of ve r t i ca l  cylinders a s  long 
a s  Z'? and Zf!. f i l l  well  defined and separate rectangular volumes of 
parameter space (Spector & Grant, 1970). 
Thus the  predominant emphasis i n  past  s tudies  has been t o  i den t i fy  
a t  l e a s t  one or  two, and i n  some cases three  (Nadiu, 1970b), l i n e a r  
segments on the  Ln E ( f )  p l o t  and in t e rp re t  these gradients i n  terms of 
t he  depth t o  a source zone. Other s tudies ,  f o r  example Pal  et al. (1978), 
u t i l i s e  t he  posi t ion of t he  spec t ra l  peak t o  obtain  a thickness est imate 
f o r  t h e  ensemble d i s t r i bu t ion .  
Fig. 6.5 shows th ree  published examples of parameter determinations 
based on magnetic anomaly spectra.  Example a ) ,  from smith et a l .  (19741, 
i s  a r ad i a l l y  averaged amplitude spectra of two-dimensional magnetic da t a  
from the  Yellowstone caldera,  Wyoming, United S ta tes .  Dashed l i n e s  on t he  
spectrum represent logarithmic slopes of -2TD where D i s  t he  indicated 
depth. The l o w  frequency peak a t  0.01 cycles/km is taken t o  s ign i fy  
t h a t  t h e  magnetic map was l a rge  enough t o  resolve t he  depth t o  the  Curie 
point  isotherm and t h e  depth t o  the  isotherm i s  in te rpre ted  t o  be  10 km. 
Example b) i s  from Spector & Grant (1970) and .is a r ad i a l l y  
averaged spectrum of two-dimensional magnetic da ta  from Mantonipi, Canada. 
The spectrum i s  in te rpre ted  t o  represent .a  two-ensemble s t ruc tu re  with 
the  base of t he  lower ensemble not being resolved bu t  i t s  top surface 
being a t  a depth of ' about  2 km; overlying t h i s  i s  a shallower ensemble 
of magnetic source bodies with an interpreted thickness of about 0-5 km. 
. '. Example c ) ,  a f t e r  Green .(l9761 , i s  a simulated one-dimensional 
energy spectrum fo r  a double ensemble of two-dimensional magnetised 
prisms,' Also shown i s  a cross-section of the  modelled prisms and the  
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Fig. 6.5 Three examples of published s2ectra as 
discussed in text. 
calculated magnetic p ro f i l e .  The portion of the  spectrum NMOP was 
obtained from the  simulated p ro f i l e  using only t he  deeper ensemble. 
The peak i n  the  low frequency portion of the  spectrum, due t o  t he  
in te rac t ion  of t he  depth and thickness t e r m s , . i s  c lea r ly  seen. A n  
average depth of 5.4 k m  i s  obtained from the  sec t ion  of the  spectrum 
MOP which compares favourably with the  t rue  average depth t o  the  top 
surface f o r  t he  deeper ensemble of 5.6 km. The portion of the spectrum 
NMOQ was obtained by using both the  deep and shallow ensembles i n  t h e  
simulation. The por t ion marked NMP i s  not a f fec ted  by the  introduction 
of the  shallow ensemble and the  sect ion MO y i e ld s  a depth estimate of 
6.2 km ( t r u e  value 5.6 km). The l i nea r  t rend OQ y ie lds  an average depth 
of 0.54 km which compares well wi th . the  t r u e  average depth of 0.6 km fo r  
the  shallow ensemble. 
6.6 Central Volcanic Region data 
A 125 X125 km area  of the  Central Volcanic Region ( f i g .  6.1) was 
d ig i t i s ed  a t  a g r id  i n t e r v a l  of 2.5 km giving a 50 x50 data array,  
and then processed a s  described i n  appendix E ,  Pre-transformation 
treatment of t h e  da ta  involved detrending t o  remove any spurious long 
wavelength e f f ec t s ,  windowing of the  data  i n  order  t o  reduce the  variance 
of the  spec t r a l  est imates,  extrapolation of a 10 grid-unit  wide taper  
around the  edge of the  data  so as  t o  minimise sharp edge e f f ec t s  and 
f i n a l l y ,  padding of t h e  data with zeros out  t o  a 128 x128 array.  
The padding of the  data  with zeros i s  necessary f o r  two reasons. F i r s t l y ,  
f o r  purposes of carrying ou t  f i l t e r i n g  i n  t h e  frequency domain 
( see  sect ion.6 .7)  it i s  desi rable  t o  have a padded array of s p a t i a l  da ta  - 
t h i s  aspect  i s  elaborated on i n  appendix E - and secondly, the  f a s t  
Fourier transform algorithm used i n  t h i s  study required the  dimension of 
t h e  da ta  a r r a y  t o  be a power of two. I n  order  t o  meet these  two 
requirements it was necessary t o  pad t h e  60 x60 ext rapola ted  da ta  
a r ray  ou t  t o  a 128 % l 2 8  a r ray .  
6.6.1 Detrending and f i n i t e  map s i z e  e f f e c t s  
Fig.  6.6 shows t h r e e  radially-averaged spec t ra  a ,  b ,  c which 
have, p r i o r  t o  t ransformation,  been detrended with polynomials of order  
0 ,  1, and 2 respect ive ly .  For harmonics g rea te r  than 10 (0.0313 cycles/km) 
t h e r e  i s  l i t t l e  marked d i f fe rence  i n  t h e  spec t ra ,  y e t  t h e  low frequency 
peak a t  t h e  second harmonic i n  ( a )  moves t o  hiqher harmonics i n  spec t ra  
(b) and ( c ) .  These low frequency peaks occur a t  frequencies ranging 
from 0.00625 t o  0.01875 cycles/km, which correspond t o  wavelengths of 
160 t o  53 km; wavelengths which exceed t h a t  of t h e  individual  
anomalies shown on t h e  magnetic anomaly map of t h e  Central  Volcanic 
Region ( f i g .  6 .l) . 
The low-frequency peak is ascr ibed t o  a f i n i t e  d a t a  length  e f f e c t ,  
o r  more s p e c i f i c a l l y  t o  the  zero-padding procedure. A t y p i c a l  row o r  
column of pre-transformed da ta  c o n s i s t s  of 34 zeros,  f i v e  ext rapola ted  
and tapered  da ta  po in t s ,  a s t r i n g  of  50 da ta  po in t s ,  f i v e  ext rapola ted  
values then a f u r t h e r  34 zeros. Removing t h e  mean of  any row o r  column 
r e s u l t s  i n  t h e  lowest frequency p resen t  being equal t o  t h e  r ec ip roca l  
of  t h e  c e n t r a l  50-60 point  da ta  s t r i n g ;  t h a t  is ,  a frequency of 1/50 t o  
1/60 cycles  per  g r i d  u n i t  o r  0.008 t o  0.0167 cycles  per  km. A s  higher 
order  detrending polynomials a r e  appl ied  t o  t h e  da ta  the  low-frequency 
content  i s  progressively removed r e s u l t i n g  i n  a migrat ion of  the  low- 
frequency s p e c t r a l  peak t o  hiqher frequencies.  It i s  d i f f i c u l t  t o  make 
an ob jec t ive  decis ion  regarding which polynomial represents  t h e  t r u e  
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anomalous background o r  regional  e f f e c t ,  and ins tead  a l l  t h ree  spect ra  
w i l l  be  considered i n  t h e  following ana lys i s .  
The in te rp re tab le  por t ion  of  t h e  spectrum is a l s o  l imi ted  a t  the  
high frequency end where the  con t r ibu t ion  of random noise  may r i s e  above 
t h e  s i g n a l  l e v e l .  The procedure adopted here follows t h a t  of Spector (1968) 
and only considers  t h a t  p a r t  of t h e  spectrum where t h e  energy l e v e l  i s  
21% of t h e  maximum l e v e l .  Thus t h e  band-width of i n t e r e s t  i n  the  spect ra  
of f i g .  6.6 runs from the  10th t o  t h e  35th o r  40th harmonic (0.0281 t o  
0 . l25 cycles/km) . 
6.6.2 Spec t ra l  models 
A l l  t h r e e  spect ra  i n  f i g .  6.6 have, i n  the  band-width of i n t e r e s t ,  
t h ree  f e a t u r e s  i n  common. 
1. A s p e c t r a l  peak i n  t h e  frequency range 0.0313 t o  0.0375 cycles/km 
(10th t o  12th harmonic) ; 
2. A r o l l  o f f  from the  peak followed by a l i n e a r  g rad ien t  between 
t h e  14th  and 16th harmonics. Preliminary depth es t imates  from 
t h e s e  g rad ien t s  range from 9 -5  t o  8 -6 km. 
3. A l i n e a r  decay between t h e  16th and 40th harmonic furnishing 
prel iminary depth est imates of  1.8 t o  2.0 km. These depth 
es t imates  a r e  prel iminary a s  t h e  spec t ra  have no t  been correc ted  
f o r  t h e  s i z e  e f f e c t .  
The presence of two l i n e a r  segments i n  each s p e c t r a  suggests  two 
dominant l e v e l  S ,  o r  two depth ensembles , of magnetic sources ; however 
t h e  s p e c t r a l  overlap from the  shallow ensemble i s  such t h a t  t h e  l i n e a r  
segment pe r t a in ing  t o  t h e  deeper ensemble i s  only defined by th ree  
harmonics, and is  therefore  poorly resolved by t h i s  method. The exis tence  
of peaks a t  the  low frequency end of t h e  th ree  spec t ra  suggests  t h a t  t h e  
source bodies a r e  of a f i n i t e  thickness (Spector & Grant, 1970). Hence, 
t h e  pos i t ion  of t h i s  peak together  with an es t imate  f o r  from t h e  high 
frequency end of  t h e  spectrum w i l l  be  used i n  Sect ion  6 -6 -4 t o  gain 
an est imate of Zg using f i g .  6 -4 .  
The model proposed i s  t h a t  of an ensemble of v e r t i c a l  cy l inders ;  
t h e i r  tops a t  o r  near t h e  ground surface  behaving a s  p o s i t i v e  poles and 
t h e i r  bases a t  a  depth 56 a c t i n g  as  negative poles.  There i s  good 
geological  evidence t o  suppose t h a t  an add i t iona l  source of high-frequency 
energy i s  contr ibuted  by magnetised surface  topography i n  the  form of 
r h y o l i t e  domes. These sources would correspond t o  a  s e r i e s  of  narrow 
poles  o r  shallow d ipo les .  
6.6.3 Size  co r rec t ion  f a c t o r  
I n  order  t o  ob ta in  an est imate f o r  R (mean radius  of ensemble) 
t h e  hor izonta l  half-widths of Malahoff's model so lu t ions  were analysed. 
For 130 half-widths measured t h e  mean and standard devia t ion  were 
ca lcu la ted  t o  be 5.3 and 3.2 km respect ive ly .  Malahoff only modelled t h e  
more prominent anomalies so  t h a t  = 6 km was adopted f o r  the  deeper 
ensemble, and i n  view of  t h e  observation made previously t h a t  some of t h e  
high-frequency energy poss ib ly  emanates from topographic f e a t u r e s ,  
E = 2 km was adopted as  t h e  prefer red  value f o r  the  shallow ensemble. 
Corrections f o r  t h e  s i z e  f a c t o r  were made by s e l e c t i n g  t h e  
appropr ia te  curve i n  f i g .  6.4 (a)  then evaluat ing  t h e  mean gradient  wi th in  
t h e  frequency range of i n t e r e s t .  Division of t h i s  value by -4lT gives  
a  depth correc t ion  t o  b e  subt rac ted  from t h e  prel iminary depth es t imates  
i n  f i g .  6.6. Although t h e  e f f e c t  of t h i s  co r rec t ion  on t h e  prel iminary 
depth est imates is  appreciable it was found t h a t  f o r  a  wide range of  
values of R the  s p e c t r a l  peak remained s t a b l e  a t  t h e  12th harmonic. 
6.6.4 Parameter es t imates  
Parameter est imates were made by both the  s p e c t r a l  peak and 
t h e  l i n e a r  gradient  methods as  ou t l ined  i n  sec t ion  6.5.2. Common t o  
both methods i s  t h e  necess i ty  f o r  an  i n i t i a l  est imate of  Z? from the  
high-frequency end of  t h e  spectrum. After  co r rec t ion  f o r  t h e  s i z e  f a c t o r  
with R = 2 km t h e  average value of  E? from the  t h r e e  spec t ra  i n  f i g .  6 -6 
was est imated t o  be 1.5 km. This appears a reasonable value i f  one 
considers  t h a t  t h e  mean ground c learance  of  t h e  f l i g h t  l i n e s  was 1.2 km. 
Results  of  both the  s p e c t r a l  peak and t h e  l i n e a r  gradient  analyses 
a r e  presented i n  f i g .  6.7. For a s p e c t r a l  peak a t  t h e  12th harmonic and 
a value of  25 = 1.5 km, i s  estimated t o  be  6.1 km ( f i g .  6 . 7 ( a ) ) .  
Surrounding t h i s  es t imate  i s  a paral lelogram of uncer ta in ty  based on a 
+ l  harmonic uncer ta in ty  i n  t h e  s p e c t r a l  peak pos i t ion  and a range o f  
values f o r  ZT from 1.4 t o  2.0 km. Thus t h e  prefer red  so lu t ion  from the  
ana lys i s  of  the  s p e c t r a l  peak p o s i t i o n  i s  = 6.1'2 km, o r ,  tak ing i n t o  
account t h a t  t = ZB-ZT ( see  f i g .  6.4) and t h e  average f l i g h t  l i n e  
c learance  o f  about 1 .2  km, t h e  Curie depth es t imate  i s  6.1+(1.5-1.2)=6.4+2 km. 
Estimates of  ZB based on t h e  l i n e a r  gradient  method a r e  given i n  
f i g .  6 .7 (b ) .  The v e r t i c a l  b a r s  i l l u s t r a t e  the  v a r i a t i o n  i n  ZB when the  
s i z e  co r rec t ion  i s  made f o r  extreme values of  R.  For example t h e  top  
- 
point  on the  v e r t i c a l  ba r  r ep resen t s  a s i z e  co r rec t ion  f o r  R=O, t h e  
mid-point f o r  R=6 km and t h e  lowest po in t  f o r  R=12 km. The p re fe r red  
value of  k=6 km furnishes  an average es t imate  of ZB=7.2 km, which when 
correc ted  f o r  t h e  f l i g h t  l i n e  c learance ,  gives a Curie depth of 6.0 km 
beneath ground l e v e l .  
Both methods of determining ZB s u f f e r  from uncer ta in ty .  The 
s p e c t r a l  peak method i s  s e n s i t i v e  t o  t h e  value of  ZT, p a r t i c u l a r l y  when 
ZT approaches say h a l f  t h e  value of  EB, whereas the  l i n e a r  gradient  
method s u f f e r s  from t h e r e  being only t h r e e  p o i n t s  a v a i l a b l e  t o  determine 
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Fig. 6.7 Spectral estimates for and ?B. 
At top is the estimate for t using the 
spectral peak method. The preferred value 
is shown surrounded by a parallelogram of 
uncertainty. The bottom figure gives the 
estimate for ZB based on the linear 
gradient method for the spectra shown in 
fig. 6 . 6 .  Error bars are explained in 
the text. 
t h e  l i n e a r  gradient  pe r t a in ing  t o  EB. Moreover, t h e  padding of the  
pre-transformed s p a t i a l  da ta  with zeros  introduced an a r t i f i c i a l  long- 
wavelength t rend t o  the  da ta  r e s u l t i n g  i n  a low frequency peak appearing 
i n  the  derived spect ra ;  the  long wavelength t rend may a l s o  have 
introduced spurious frequency components t o  o the r  p a r t s  of  the  spec t ra  
(Black & Sco l l a r ,  1969). However, some confidence f o r  t h e  v a l i d i t y  
of the  model and depth est imates i s  gained from t h e  s i m i l a r  values t h a t  a r e  
obtained f o r  by using two e s s e n t i a l l y  independent methods. 
The average of  the  two Curie depth est imates i s  6.2 km and the  
uncer ta in ty  i n  t h i s  determination,  based on the  uncer ta in ty  i n  the  
p o s i t i o n  of the  s p e c t r a l  peak, i s  estimated a s  2 2  km. Although t h i s  
Curie depth es t imate  is considered t o  be  t h a t  f o r  t h e  Centra l  Volcanic 
Region, it should be  noted t h a t  t h e  a rea  t h a t  was subjec ted  t o  d i g i t i s a t i o n  
( f i g .  6.1) d i d  not  include t h e  whole o f  t h e  Region, and t h e  magnetic 
anomalies t h a t  were included i n  t h e  ana lys i s  a r e  dominated by those 
associa ted  with t h e  r h y o l i t i c  volcanic cent res  of t h e  Taupo Volcanic Zone. 
Therefore t h i s  Curie depth es t imate  may b e  weighted more t o  r e f l e c t  the  
subsurface thermal condit ions pe r t a in ing  t o  the  Taupo Volcanic Zone 
r a t h e r  than  t h a t  f o r  t h e  Centra l  Volcanic Region a s  a whole. 
6.7 F i l t e r i n g  i n  the  frequency domain 
The app l i ca t ion  of conventional f i l t e r s  (cont inuat ion ,  de r iva t ives  
and band-pass f i l t e r s )  and more s p e c i a l i s e d  f i l t e r s  (Sydberg , 1972) is  
more accura te  and convenient i n  t h e  frequency domain (Black & Schol lar ,  
1969).  I n  order  t o  b r ing  ou t  t h e  dominant t rends  i n  t h e  da ta  of f i g .  6.1 
low-pass f i l t e r s  were designed then appl ied  t o  the  transformed magnetic 
da ta .  The two low-pass f i l t e r s  used i n  t h i s  study were t h e  upward 
continuation and pseudo-gravity f i l t e r s  described i n  appendix E and the  
r e s u l t i n g  f i l t e r e d  maps a r e  shown i n  f i g .  6.8. 
The upward cont inuat ion  f i l t e r  purports  t o  represent  the  da ta  a s  
though it were viewed from a higher p lane ,  whereas t h e  pseudo-gravity 
f i l t e r  in teg ra tes  t h e  magnetic anomaly f i e l d ,  then  mul t ip l i e s  by a 
cons tant  f ac to r  t o  g ive  t h e  f i l t e r e d  anomaly values i n  gravi ty  u n i t s .  
A pseudo-gravity anomaly f i e l d  s imi la r  t o  t h a t  of  f i g .  6.8 was derived 
then used by Rogan (1980) a s  a cons t ra in t  i n  t h e  i n t e r p r e t a t i o n  of 
r e s i d u a l  gravi ty  anomalies of  t h e  Taupo Volcanic Zone. The necessary 
assumption required f o r  t h e  appl ica t ion  of pseudo-gravity anomalies t o  
t h e  i n t e r p r e t a t i o n  of r e s i d u a l  gravi ty  anomalies, is  t h a t  t h e r e  is  a 
common geological source f o r  t h e  magnetic and r e s i d u a l  gravi ty  anomalies, 
and f u r t h e r ,  t h a t  t h e  r a t i o  of  dens i ty  c o n t r a s t  t o  magnetisation c o n t r a s t  
is  constant  throughout t h e  source body. 
No q u a n t i t a t i v e  ana lys i s  of  t h e  f i l t e r e d  magnetic maps ( f i g .  6.8) 
w i l l  be  made f o r  t h i s  s tudy.  However, a q u a l i t a t i v e  comparison of t h e  
f i l t e r e d  magnetic maps with t h e  r e s idua l  g rav i ty  anomalies of f i g .  3.1 
and t h e  geological  map of f i g .  2.9 r evea l s  a c lose  correspondence between 
t h e  pos i t ive  magnetic anomalies, some of the  negative r e s idua l  g rav i ty  
anomalies and t h e  r h y o l i t i c  volcanic cent res  of t h e  Taupo Volcanic Zone. 
6.8 Lithospheric th ickness ,  e l a s t i c  thickness and t h e  Curie depth 
While t h e  Curie depth i s  an important geophysical parameter i n  
i t s  own r i g h t ,  it a l s o  has an i n d i r e c t ,  y e t  important bearing on g rav i ty  
models f o r  the  Centra l  Volcanic Region. 
The term " l i thosphere"  has received var ious  d e f i n i t i o n s  based on 
seismic,  thermal, compositional and mechanical p roper t i e s .  From a 
h i s t o r i c a l  viewpoint, t h e  f i r s t  d e f i n i t i o n  was a mechanical one. 

Barre l1  (1914a,b) i n i t i a l l y  coined t h e  terms l i thosphere  and asthenosphere 
when he summarised t h e  evidence f o r  a  s t rong o u t e r  l a y e r  overlying a 
weak l a y e r  i n  t h e  ea r th ,  and f o r  t h i s  study the  term l i thosphere  w i l l  a l s o  
be used i n  a  mechanical sense t o  mean t h a t  region of  t h e  c r u s t  and upper 
mantle with long term s t r eng th ;  underlying t h e  l i thosphere  i s  the  
asthenosphere which is  assumed t o  possess t h e  p r o p e r t i e s  of an incompressible 
f l u i d  on geological  time s c a l e s .  Recently t h e r e  has been a tendency t o  
use t h e  terms thermal, seismic o r  e l a s t i c  th ickness  of the  l i thosphere ,  
depending on how the  thickness is  determined (Hanks & Raleigh, 1980).  
These t h r e e  thicknesses a r e  not  t h e  same. 
The thermal thickness of  the  l i thosphere  is based on the  depth 
t o  t h e  isotherm t h a t  corresponds t o  t h e  so l idus  f o r  mantle rocks; 
genera l ly  t h e  1200-1300°C isotherm and depths t o  t h i s  isotherm a r e  
proposed by Turcotte  (1979) t o  be  100 km f o r  oceanic bas ins  and 200 k m  
f o r  s t a b l e  con t inen ta l  a reas .  The seismic th ickness  of t h e  l i thosphere  i s  
defined by surface  wave s t u d i e s ,  and these  s t u d i e s  po in t  t o  a  seismic 
th ickness  being approximately equivalent  t o  the  thermal thickness of t h e  
l i thosphere  (Kanamori & Press ,  1970).  The e l a s t i c  thickness of  the  
l i thosphere  is  determined by studying the  observed f l exure  of  t h e  
l i thosphere  produced by such su r face  loads a s  mountains, seamounts and 
i s o l a t e d  loads  t h a t  cause sedimentary bas ins .  By applying a mathematical 
model pe r t a in ing  t o  t h e  bending of t h i n  e l a s t i c  p l a t e s  t h a t  o v e r l i e  a  weak 
f l u i d ,  an e f f e c t i v e  e l a s t i c  thickness can b e  found (e .g .  Walcott, 1970; 
Watts & Talwani, 1974) . 
Some examples of  e l a s t i c  thickness determinations a re :  
a )  110 km f o r  s t a b l e  con t inen ta l  l i thosphere  (Walcott, 1970).  
b )  30 km f o r  80 My o l d  oceanic l i thosphere  (Watts ~t al., 1980). 
c )  20 km f o r  t h e  t e c t o n i c a l l y  a c t i v e  Basin & Range province 
(Walcott, 1970) . 
d) 2-13 km (average 6 km) f o r  t h e  mid-oceanic r idges  (Cochran, 1979).  
Watts e t  a l .  (1980) propose from t h e  b a s i s  of loading s t u d i e s  t h a t  
t h e  e l a s t i c  thickness o f  oceanic l i thosphere  i s  two t o  t h r e e  times smaller  
than t h e  seismic thickness a s  determined by surface  wave s t u d i e s .  
Furthermore, by applying t h e o r e t i c a l ,  age-dependent cooling models o f  
oceanic l i thosphere  t o  t h e i r  study they f i n d  a c o r r e l a t i o n  between e l a s t i c  
thickness and temperature. More s p e c i f i c a l l y ,  they f ind  an assoc ia t ion  
between the  lower boundary of  t h e  e l a s t i c  por t ion  of the  l i thosphere  and 
t h e  depth t o  the  5 0 0 ' 1 5 0 ~ ~  isotherm. Simi lar  s t u d i e s  by o the r  workers a r e  
reported by Turcot te  (1979) t o  f i n d  t h a t  t h i s  lower boundary i s  defined 
by t h e  6 0 0 ' 1 0 0 ~ ~  isotherm. The 500-600°C temperature range spans t h e  range 
of the  Curie po in t  f o r  most c r u s t a l  rocks ( sec t ion  6.1) and hence suggests 
t h a t  a determination of t h e  average Curie depth f o r  some region. i s  
tantamount t o  a determination of t h e  e l a s t i c  thickness of  t h e  l i thosphere  
f o r  t h a t  reuion . 
It i s  t h e r e f o r e  proposed t h a t  t h e  base of the  e l a s t i c  por t ion  of  
t h e  l i thosphere  f o r  the  Centra l  Volcanic Region coincides with t h e  average 
depth of t h e  Curie po in t  isotherm a t  a depth of about 6 km. For t h e  
northwestern North I s l and  - t h a t  i s ,  t h e  a r e a  t h a t  takes i n  the  regions 
of Northland, Waikato and northern Taranaki ( f i g .  1.2), no Curie depth 
ana lys i s  (o r  loading s tud ies )  have been performed. However, Pandey (1981b) , 
from an ana lys i s  of  hea t  flow and radiogenic hea t  production d a t a ,  has 
ca lcula ted  temperature p r o f i l e s  f o r  t h e  Taranaki and Waikato-Northland 
regions ( f i g .  6 .9 ) .  From t h e s e  p r o f i l e s  it can be  observed t h a t  t h e  500°C 
isotherm occurs a t  a depth of about 20 km; t h i s  w i l l  be  adopted as  the  
e l a s t i c  th ickness  of  t h e  l i thosphere  f o r  the  northwestern North I s l and .  
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Fig. 6.9 Temwerature-depth profiles for the Northland-Naikato .and Taranaki reqions of the North 
Island as given by Pandey (1981b). The shaded areas represent the melting ranges of 
Basalt-eclogite. The association of the Curie point and elastic thickness of the lithosphere 
assumes a temperature range of 500-600°c for both (see Text). 
A useful  comparison may be drawn between t h e  northwestern North 
I s l and  and t h e  Basin and Range Province of t h e  Western United S t a t e s .  
F i r s t l y ,  h e a t  flow f o r  both these  regions averages about 70-90 mw/m2 
(Pandey, 1981b; Pollack b Chapman, 1977).  Secondly, the  e l a s t i c  
thickness of t h e  l i thosphere  f o r  both regions i s  estimated t o  be about 
20 km. For the  northwestern North Is land t h e  th ickness  was estimated 
above from the  depth of  t h e  500°C isotherm and f o r  t h e  Basin and Range 
it has been estimated by Walcott (1970) from an  ana lys i s  of the  i s o s t a t i c  
u p l i f t  of Lake Bonneville.  These s i m i l a r i t i e s  i n  e l a s t i c  thickness,  
and h e a t  flow a r e  c o n s i s t e n t  with the  proposal of  Watts e t  a t .  (1980) 
t h a t  t h e  e l a s t i c  th ickness  i s  a function of temperature. 
The manner i n  which t h e  l i thosphere  w i l l  deform under a  load o f  
given amplitude and wavelength i s  dependent upon t h e  f l e x u r a l  r i g i d i t y  
of  t h e  e l a s t i c  l a y e r  of t h e  l i thosphere ;  t h e  f l e x u r a l  r i g i d i t y  i s  i n  
t u r n  a function of t h e  e l a s t i c  thickness r a i s e d  t o  t h e  t h i r d  power 
(Walcott, 1970).  More s p e c i f i c a l l y ,  f o r  a  given load and e l a s t i c  th ickness ,  
it can be  determined whether i s o s t a t i c  compensation f o r  the  load w i l l  
tend t o  be regional  o r  l o c a l  i n  charac ter  (Gunn, 1943; McNutt, 1980). 
Thus t h e  est imates of e l a s t i c  thickness made here  w i l l  be u t i l i s e d  i n  
t h e  following chapter  where a regional  g r a v i t y  i n t e r p r e t a t i o n  of t h e  
c e n t r a l  North I s l and  w i l l  b e  presented, 
6.9 Conclusions 
The s p e c t r a l  method has provided a means by which a s t a t i s t i c a l  
es t imate  f o r  t h e  mean depth extent  of magnetic source bodies wi th in  t h e  
Centra l  Volcanic Region can be  obtained. The determination of ZB i n  t h e  
frequency domain depends on two va r i ab les  l e s s  than t h e  equivalent  
problem i n  t h e  s p a t i a l  domain. Those va r i ab les  which have no inf luence  
on the  shape of t h e  r a d i a l l y  averaged spectrum a r e  the  i n t e n s i t y  and 
d i r e c t i o n  o f  magnetisation. Although some uncer ta in ty  i s  inherent  i n  the  
depth es t imates  made here  they a r e  a  s u b s t a n t i a l  improvement over those 
based on analyses  of s ing le  anomalies i n  t h e  s p a t i a l  domain. 
The t h r e e  p r inc ipa l  points  t o  b e  noted from t h i s  ana lys i s  a re :  
1) The estimated Curie point  isotherm l e v e l  of 6.2 km i s  unusually 
shallow; only a t  Yellowstone (u.S.A.) has a  s imi la r ly  shallow 
Curie depth been in te rp re ted  (Bhattacharyya & Leu, 1 9 7 5 ) .  
2) There i s  nothing i n  t h e  spec t ra  t o  suggest  a  magnetisation c o n t r a s t  
a t  a  depth of 2-3 km. Seismic r e f r a c t i o n  r e s u l t s ,  presented i n  the  
l a s t  chapter ,  i nd ica te  a  seismic v e l o c i t y  con t ras t  a t  a  depth of  
2.0'0.2 km a t  t h r e e  loca t ions  w i t h i n  t h e  Central  Volcanic Region. I f  
t h i s  seismic ve loc i ty  boundary rep resen t s  a  magnetisation boundary a  
peak i n  t h e  spec t ra  within t h e  v i c i n i t y  of t h e  21st harmonic 
(0.066 cycles/km) would be expected ( i . e .  r e f e r  t o  f i g .  6.4 (b)  f o r  
a  model of .%=l - 5 and t = 2  km) . 
3 )  The Curie depth determination has  an  i n d i r e c t  app l i ca t ion  t o  
g rav i ty  i n t e r p r e t a t i o n s  i n  t h a t  t h e  Curie temperature f o r  c r u s t a l  
rocks i s  approximately equal t o  t h e  value of  the  isotherm t h a t  
def ines  t h e  base of t h e  e l a s t i c  p o r t i o n  of t h e  l i thosphere .  
CHAPTER 7 A REGIONAL GRAVITY INTERPRETATION OF THE 
CENTRAL NORTH ISLAND 
Summary 
The North Is land p resen t s  a favourable opportunity t o  study t h e  
g rav i ty  e f f e c t  of a subducted l i thospher ic  p l a t e .  Although t h e  seismically 
defined Benioff zone continues south t o  t h e  nor th  end of t h e  South 1sland 
it i s  not  accompanied throughout i t s  length by a back-arc gravi ty  high; 
the  back-arc high terminates a t  t h e  southern extremity of t h e  Central  
Volcanic Region. Furthermore s t rong g rav i ty  t rends  a r e  developed a t  
angles t o  the  s t r i k e  of t h e  subducted p l a t e  suggesting t h a t  t h e  subducted 
p l a t e  may not have an overr id ing influence on t h e  g rav i ty  anomaly f i e l d  
of t h e  c e n t r a l  North Is land.  An attempt i s  made here  t o  model t h e  major 
g rav i ty  anomalies of t h e  c e n t r a l  North Is land with a superposit ion of 
g rav i ty  e f f e c t s  from: 
(i) A boundary jo in ing M t  Egmont, M t  Ruapehu and Opotiki which 
divides  t h i n  c r u s t  and low-density mantle t o  t h e  north and 
northwest from a normal c r u s t a l  thickness and mantle densi ty  
t o  t h e  south and southeast ;  
(ii) a th inner  c r u s t  and a lower-density mantle beneath t h e  
Central Volcanic Region; and 
(iii) the  subducted P a c i f i c  Pla te .  
The model cannot be considered d e f i n i t i v e  a s  it lacks control  from 
long-range seismic r e f r a c t i o n  data .  It is ,  however, an attempt t o  explain 
t h e  complete gravi ty  anomaly f i e l d  of the  Centra l  Volcanic Region and t o  
provide a s t r u c t u r a l  model f o r  t h e  c e n t r a l  North Is land which may be 
t e s t e d  by fu tu re  work. 
7 .l Introduction 
In Chapter 5 it was found that at both Mangakino and Taupo the 
estimated gravity effect for the seismically determined thickness of low- 
velocity volcanic rocks is less than the observed residual gravity anomaly. 
Trial interpretation models were presented which explained these secondary 
residual gravity anomalies as being due to large volumes (~700 km3) of 
molten rhyolite within the seismic basement (see Chap. 5). Such large 
volumes of molten rhyolite, although possible, were not favoured. Instead 
it was proposed that part of the secondary negative residuals may come 
from the basement rocks themselves. 
In order to pursue this argument it is necessary to present a 
plausible "deep-structure" gravity model for the Central Volcanic Region 
and compare the calculated gravity effect of the model against the total 
observed gravity anomaly field. Due to the overlapping gravity effects of 
deeper density irregularities, the structure of the Central Volcanic Region 
cannot be treated in isolation. The anomalous gravity effect of the 
subducted Pacific plate and other structural inhomoqeneities within the 
central North Island must be considered simultaneously with the anomalous 
gravity effect of the Central Volcanic Region. 
The isostatic gravity anomaly map of the North Island possesses 
some strong gravity trends (fig. 7.l(a)) that do not parallel the strike 
of the subducted plate. Furthermore, it was pointed out in section 2.1.2 
that the back-arc gravity high over the northwestern North Island 
terminates at about 39O S whereas subduction of the Pacific plate 
persists to about 41° S. There is not, therefore, a clear association 
between the North Island back-arc gravity high and the present position 
of the subducted Pacific plate. 
The procedure to be followed in this modelling exercise is first 
to explain the gravity trends that do not parallel the strike of the 
subducted plate, in terms of crustal thickness and mantle density 
variations, and secondly, to assign the remaining gravity anomalies 
to the gravity effect of the subducted plate. Deep seismic sounding is 
generally required as a control on estimates of crustal thickness before 
a regional interpretation can be performed. Only a limited amount of such 
data are available for the North Island, so that the main constraint 
on the model will be the principle of isostasy. Implicit in the adoption 
of this constraint is that mass anomalies within the lithosphere of the 
North Island are not supported'by subduction-induced dynamic flow in the 
underlying asthenosphere. Thus the model to be presented in this chapter 
is a first-order static one that is kept simple enough to be tested by 
future geophysical work. 
7.2 Isostasy and isostatic gravity anomalies 
7.2 .l Definitions 
The definition of isostasy used here is taken from Heiskanen and 
Vening Meinesz (1958, p.133) and reads "...that at a depth of compensation D 
hydrostatic equilibrium prevails, so that every area unit at the depth D 
is under the same pressure regardless of whether the unit is under mountain, 
low-land or ocean1'. This definition encompasses both local and regional 
compensation. Topographic loads are said to be locally compensated if the 
total mass in any vertical column above the compensation depth is constant. 
In this scheme elevated regions are pointwise compensated whereas a 
regional mechanism distributes compensation laterally around the feature 
as well as vertically beneath it, The discussion of isostatic compensation 
need not be restricted to that for topographic loads alone. Loads exist 
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Fig. 7.lb Two Bouguer and isostatic gravity anomaly profiles 
across the North Island (after Reilly,1978). Note 
that, apart from regions near the trench, the 
Bouguer and isostatic gravity anomalies are broadly 
similar. 
i n  the  form of both posit ive and negative l i thospheric mass anomalies; 
these loads w i l l  a lso  be compensated e i ther  local ly  or  regionally 
depending on the wavelength of the  load as compared t o  the  e l a s t i c  thick- 
ness of the  lithosphere, 
7.2.2 Elas t ic  thickness and i s o s t a t i c  compensation 
The e l a s t i c  thickness of the  lithosphere re fe rs  t o  t h a t  pa r t  which 
possesses long-term strength (see section 6.8). The e l a s t i c  thickness is  
an important parameter for  gravity s tudies ,  as  l i thospheric  loads whose 
wavelengths a r e  long i n  re la t ion  t o  t he  e l a s t i c  thickness w i l l ,  except 
near the  edges, be local ly  compensated. Loads with wavelengths l e s s  
than the e l a s t i c  thickness w i l l  be supported by s t resses  within the 
e l a s t i c  layer  and i n  general there  w i l l  be a departure from loca l  
isostasy (McNutt, 1980; Beaumont, 1978; Artemjev & Artyushkov, 1971). 
A more quant i ta t ive  account of the  re la t ionship between the degree of 
i s o s t a t i c  compensation for  a given load on an e l a s t i c  p l a t e ,  the wavelength 
of the  load, and the thickness of the  p l a t e  i s  given by Gunn (1943). 
This re la t ionship between wavelength of load and e l a s t i c  thickness 
can be applied, i n  a qua l i ta t ive  manner, t o  two regions of the  North Island. 
(i) The Central Volcanic Region: The seismic re f rac t ion  
interpreta t ions  of chapter 5 show t h a t  a t  three l o c a l i t i e s  within the 
Region the thickness of low-velocity, and therefore low-density, volcanic 
rocks i s  about 2 km. Gravity p ro f i l e  interpreta t ions  presented i n  the  
next chapter w i l l  indicate t h a t  t h i s  thickness of low-density volcanic 
rocks covers much of the Region apar t  from local ised areas,  such as  the 
greywacke outcrop a t  Otamarakau and the andesite outcrop near Te Puke, 
where higher density rocks come near, o r  t o  the  surface. For the most 
par t ,  the  width of the  Central Volcanic Region i s  many times greater than 
t he  6 km e l a s t i c  thickness of t h e  l i thosphere f o r  t he  Region a s  estimated 
i n  sect ion 6.8. Hence it w i l l  be assumed t h a t  t he  low-density volcanic 
rocks t h a t  a r e  found within t h e  top 2 km of t h e  Region a r e  loca l ly  
compensated with respect  t o  the  s t ruc ture  found on each s ide  of the  Region. 
(ii) The northwestern North Island: A l a rge  posi t ive  gravity 
anomaly can be observed over the  northwestern North Island ( f ig .  7 . l ( a ) ) .  
This i s  the  back-arc gravi ty  high discussed i n  Chapter 2, and for  reasons 
enumerated i n  t h a t  chapter it is  considered unlikely t h a t  t h i s  
pos i t ive  gravity anomaly can be en t i r e ly  due t o  an excess mass within 
the  subducted pla te .  An a l t e rna t i ve  explanation f o r  t he  back-arc gravi ty  
high w i l l  be sought. 
The back-arc gravi ty  high over t he  northwestern North Island has 
a wavelength of about 100 km y e t  the  e l a s t i c  thickness of t he  l i thosphere 
f o r  t h i s  region i s  estimated t o  be about 20 km (sect ion 6.8).  It i s  
therefore  considered doubtful t h a t  t he  gravity high can be explained 
by an uncompensated l i thospher ic  load; the  width of the  required load 
would be such t h a t  s t ress-di f ferences  equal t o  about 0.6 times the  
amplitude of the  load w i l l  be present a t  depths considerably greater  
than 20 km (see  Jeff reys ,  1976; p.267) . For ins tance,  i f  it were 
proposed t h a t  the  gravi ty  high was due t o  a load i n  the  form of a 
thinner (or more dense) c ru s t  f o r  the  northwestern North Island than 
elsewhere, then consideration would have t o  be given t o  how the  thinner,  
o r  more dense, c ru s t  i s  compensated. 
7.2.3 Gravity "edge-effects1' 
For a region with t h i n  c r u s t  t h a t  i s  l oca l l y  compensated by say 
a low-density mantle, the  in tegrated gravi ty  e f f e c t  of t he  t h in  c r u s t  and 
low-density mantle w i l l  be zero, the  net  gravity e f fec t  a t  the  centre  
of the  region w i l l  approach zero but  around the  boundaries of the  region 
la rge  dipolar gravity anomalies w i l l  be observed. Following Sibuet & 
Le Pichon (1974), these w i l l  be cal led edge-effect gravity anomalies. 
Fig. 7.2 shows a gravity edge-effect t h a t  a r i ses  from the  
juxtaposition of two l i thospher ic  blocks t h a t  a r e  equal i n  mass but  
d i f f e r  i n  t h e i r  respective mass d i s t r ibu t ions .  The block on the  l e f t  
represents a normal continental  c rus t  s i t ua t i on  whereas the  block on the 
r i g h t  represents a c rus t  thinned t o  22.5 km which i s  pointwise, o r  local ly ,  
compensated by an anomalous low-density mantle; the  density of t he  
anomalous mantle has been adjusted so t h a t  compensation i s  achieved a t  a 
depth of 100 km. Stresses  a re  everywhere hydrostatic a t  and below 100 km, 
the  distance between peaks of the  dipolar  gravity anomaly i s  about 100 k m  
and the  anomaly w i l l  c l ea r ly  integrate  t o  zero. Note t h a t  t he  amplitude 
and wavelength of t h i s  edge-effect gravi ty  anomaly are  dependent on the  
amount of c ru s t a l  thinning and depth of compensation respectively.  
A three  dimensional form of t he  model shown i n  f i g .  7.2 w i l l  
eventually be used t o  model the sharp gravi ty  gradient across a boundary 
between M t  Egmont and M t  Ruapehu. 
7.2.4 I sos t a t i c  gravi ty  anomalies of the  North Island 
The main point  t o  note from the  model i n  f i g .  7.2 i s  t h a t  t he  
existence of non-zero i s o s t a t i c  gravity anomalies over some region 
does not necessari ly imply departures from isostasy,  a s  defined i n  
section 7.2.1, but merely departures from the  Airy-Heiskanen model. 
The Airy-Heiskanen model, such a s  t h a t  used i n  the construction of the  
i s o s t a t i c  gravity anomaly map of f i g .  7 . l ( a ) ,  only makes correct ions  for  
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Fig. 7.2 Diagram showing the principle of an edge-effect gravity 
anomaly as discussed in the text. Densities and density 
contrasts in ~ g / m ~  and the compensation depth is taken to 
be 100 km. Note that the density of the anomalous mantle 
on the right must be taken to four decimal places in the 
modelling process in order to get a svetrical edge-effect. 
topographic loads and t h e i r  assumed compensating masses. For a region 
t h a t  is  i n  i s o s t a t i c  equilibrium i s o s t a t i c  gravi ty  anomalies can a r i s e  
from, i) gravity edge e f f ec t s  associated with subsurface, compensated 
loads ( f i g .  7.2), o r  ii) anomalies of density of su f f i c i en t l y  small 
width t h a t  a l l  s t r e s s  differences a r e  confined t o  be above the  depth of 
compensation ( Je f f reys ,  1976; p.276). 
For broad regions one, admittedly non-unique, indicator  of i s o s t a t i c  
equilibrium i s  t he  condition: 
Agds = constant ( ~ o l i z d r a ,  1978b) 
S 
where Ag = f r e e  a i r  o r  i s o s t a t i c  gravi ty  anomaly, S i s  a sui tably  l a rge  
enough area of in tegrat ion,  with respect  t o  t h e  depth of compensation, and 
the  constant is the  background gravi ty  anomaly f i e l d  f o r  t he  region as  
given by say a low-order, spherical  harmonic representation of t he  ea r th ' s  
gravity anomaly f i e l d ;  these  low-order o r  long wavelength gravi ty  
anomalies can be taken a s  or iginat ing a t  depths f a r  greater  than the  base 
of the  l i thosphere  (McKenzie, 1967; Lambeck, 1972). 
The North Island i s o s t a t i c  gravi ty  anomaly map ( f i g .  7 . l ( a ) )  exhibi ts  
approximately equal areas of pos i t ive  and negative anomalies and a 
s t a t i s t i c a l  analys is  of t he  whole map ( f i g .  7.3) shows t h a t  t he  mean 
value of t he  i s o s t a t i c  gravity anomaly f i e l d ,  averaged over 20 X 20 km 
squares, is 6 pN/kg, B y  way of comparison t h e  low-order, spher ical  
harmonic representations f o r  the  gravi ty  anomaly f i e l d  of t he  ea r th  
(e.g. Je f f reys ,  1976, p.242) show t h a t  t h e  background f i e l d  over t he  
North Island l i e s  between 0 and 100 VN/kg; t h i s  i s  i n  approximate 
agreement with t h e  mean value of t he  i s o s t a t i c  anomaly over t he  North 
Island ( f i g .  7.3) and therefore  a possible model t o  explain the  North 
Island gravi ty  anomaly f i e l d  i s  one t h a t  conforms t o  the  condition: 
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Fig. 7.3 Histogram of averaged 20 X 2 0  km squares for the 
isostatic gravity anomaly over the North Island. 
N 
1 M i  = 0 where M i  = l i thospher ic  mass anomaly associated with 
i=l 
e i t h e r  the  subducted Pac i f i c  p l a t e  o r  the  overriding 1ndian p la te .  
I n  studying regional  s t ructures  from gravi ty  data  it i s  important 
t o  note t h a t  gravity data  on i t s  own is  i n su f f i c i en t  t o  es tabl ish  the  
subsurface s t ructure .  Gravity data can be used t o  1) give indicat ions ,  
from a study of gravi ty  gradients,  of a maximum depth t o  which l a t e r a l  
densi ty  var ia t ions  t ake  place,  and 2) permit t he  extrapolation and 
interpola t ion of seismically deduced s t ruc tures  t o  unknown areas.  The 
only published est imate f o r  c ru s t a l  thickness wi thin  the  North Island,  a s  
deduced by seismic r e f r ac t i on  methods, is  t h a t  f o r  the  Wellington p r o f i l e  
(Garrick, 1968). H i s  est imate,  which shows t he  c r u s t  t o  be about 35 km 
th ick ,  is  based on an unreversed p ro f i l e  and t h e  a r r i v a l s  which were 
in terpreted as  re f rac t ions  from the  mantle were a l l  second a r r i va l s .  
However, these a r e  t he  only data available and t h i s  c ru s t a l  thickness 
est imate,  combined with t he  constra int  of i s o s t a t i c  balance fo r  t he  North 
Is land a s  a whole, w i l l  be  t h e  s t a r t i n g  point  f o r  the  in te rpre ta t ion .  
Because these cons t ra in t s  a r e  i n su f f i c i en t  t o  lead t o  a unique i n t e rp re t a t i on  
t he  model w i l l  be kept simple; i n  par t i cu la r  a s i ng l e  value of 2 -75 M C J / ~ ~  
w i l l  be  used for  the  densi ty  of the  c rus t ,  whether it be upper o r  lower 
cont inenta l  c ru s t  o r  oceanic c ru s t .  Crustal  dens i t i e s  may i n  r e a l i t y  vary 
from 2.60 t o  3.0 ~ g / m ~  bu t  these  complexities w i l l  not  a l t e r  the  main 
r e s u l t s  of t h i s  model; a s  more information becomes avai lable  c ru s t a l  
dens i t i e s  may be varied,  o r  intermediate layers  introduced, and accommodated 
by a corresponding adjustment of the  c ru s t a l  boundaries. 
Fig. 7 . l (b)  shows two Bouguer and i s o s t a t i c  gravity anomaly prof i les  
across the cen t ra l  North Island. Apart from differences where the smoothed 
topography departs from 500 m of sea leve l ,  the broad sca le  features of the  
Bouguer and i s o s t a t i c  gravity anomalies a r e  similar.  However, i n  section 2.1.2 
( f i g s  2.2 and 2.3) it was noted t h a t  i n  two-dimensions, or  plan view, the 
i s o s t a t i c  gravi ty  anomalies tend t o  highlight several of the geological and 
geophysical boundaries of the cen t ra l  North Island, and i n  general present 
a c learer  gravity anomaly pat tern than do the Bouguer anomalies. Thus for  
discussion purposes the principal gravity anomalies of the  North Island 
w i l l  be considered t o  be the i s o s t a t i c  gravity anomalies shown i n  f i g .  7 . l ( a ) .  
Moreover, because of the  simple anomaly pa t te rn  afforded by the i s o s t a t i c  
anomalies, as  opposed t o  t ha t  of the Bouguer anomalies, it was found tha t  
the  three-dimensional modelling process i s  eased considerably i f  models 
a r e  i n i t i a l l y  constructed whose gravity e f f ec t  matches t h a t  of the  
i sos t a t i c  anomalies, However, these models can only be considered as 
f i rs t -order  ones, because the  i s o s t a t i c  correction has already removed 
the gravity e f f ec t  of an assumed compensation mechanism fo r  the  topography 
of the North Island. In  order t o  obtain an interpreta t ional  model which 
contains the  t rue  amount of anomalous mass beneath sealevel,  the  Bouguer 
anomalies must be modelled. 
A t  the end of t h i s  chapter a Bouguer gravity anomaly p ro f i l e  across 
the  North Island w i l l  be modelled which w i l l  demonstrate t h a t  the  
differences between s t ruc tura l  models fo r  the cen t ra l  portion of the 
North Island, derived by modelling e i t he r  the  Bouguer o r  i s o s t a t i c  gravity 
anomalies, a r e  minor. 
The gravity model w i l l  attempt t o  explain the observed gravity 
anomalies of the  North Island by the anomalous gravity e f f ec t  of the subducted 
Pacific plate and by gravity edge-effects associated with the following 
two boundaries: 
1) A boundary which follows the path of the zero isostatic gravity 
anomaly between Mt Egmont, Mt Ruapehu and Opotiki; to the north and 
northwest of this boundary the crust is proposed to be thinner and the 
mantle less dense than elsewhere. 
2) A "vee-shaped" boundary that corresponds to that of the Central 
Volcanic Region. Within the vee the crust is proposed to be thinner and 
the upper mantle less dense than outside of the vee. 
For mass anomalies associated with the subducted Pacific plate a 
form of distributed, or regional, compensation will be assumed whereas for 
mass anomalies within the overriding Indian plate local isostatic 
compensation will be assumed. These three structures, that is the Mt Egmont 
Mt Ruapehu-Opotiki boundary, the Central Volcanic Region boundary and the 
subducted plate will be modelled separately then their associated gravity 
effects superimposed and compared with the observed isostatic gravity 
anomalies. 
7.3 Egmont-Ruapehu-Opotiki Boundary 
7.3.1 Introduction 
In an analysis of manifestations of upper mantle inhomogeneities of 
the North Island, Hatherton (1970) first drew attention to the association 
of volcanism, heat-flow, and gravity anomalies with the seismic attenuating/ 
transmitting boundary described by Mooney (1970). This boundary closely para- 
llels the zero isostatic gravity anomaly contour (Fig. 7.la) and the path of 
this contour is here termed the Egmont-Ruapehu-Opotiki boundary. Fig. 7.4 
summarises the geophysical properties defining the boundary. To the north and 
northwest heatflow is high, gravity anomalies are positive and volcanism, both 
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past  and present, is abundant. The only parameters t h a t  remain unchanged 
across the  boundary a r e  isobaths of deep seismic a c t i v i t y  ( f i g .  7.4) and the  
Stokes Kagnetic Anomaly ( f i g .  6.2) which both cross the  Egmont-Ruapehu 
portion of the  boundary. Temperature prof i les  ( f i g .  6.9) of Pandey (1981b) 
indicate  t h a t  the  Curie point fo r  c ru s t a l  rocks i s  reached a t  a depth of 
about 15 km beneath Taranaki, suggesting t h a t  the  source of the Stokes 
Magnetic Anomaly must be shallower than 15 km. Hence there  appears t o  be 
geological continuity across t he  Egmont-Ruapehu boundary a t  depths l e s s  
than 15 km (Stokes Magnetic Anomaly) and greater than 100 km ( the  subducted 
p l a t e ) ;  accordingly it i s  proposed t h a t  the  source of the  intense gravity 
gradient across t h i s  boundary l i e s  i n  t h e  depth range 15-100 km. 
Not shown i n  f i g .  7.4 a r e  the  upper-mantle compressional velocity (Pn) 
determinations of Haines (1979). Anomalously low values a r e  found beneath 
much of the  northwestern North Island and markedly low values (7.4 krn/s) 
a re  detected beneath an area which includes much of t h e  Central Volcanic 
Region. Haines suggests t h a t  the  very low Pn ve loc i t i e s  could be due t o  a 
p a r t i a l l y  molten mantle. 
It is  d i f f i c u l t  t o  place any rigorous constra ints  on a gravity in te r -  
preta t ion from the above associations.  The data summarised i n  f i g .  7.4 is ,  
however, taken a s  qua l i t a t ive  support f o r  the proposit ion t h a t  the  upper 
mantle is both ho t te r  and l e s s  dense t o  the north and northwest of the  
Egmont-Ruapehu-Opotiki boundary than elsewhere. 
7.3.2 Gravity model of the  Egmont-Ruapehu-OpotTki boundary 
A simple loca l ly  compensated model t h a t  w i l l  produce the required 
gravity r e l i e f  across t he  Egmont-Ruapehu-Opotiki boundary was discussed 
i n  sect ion 7.2 .3  and is  shown i n  f i g .  7.2. The crust-mantle sect ion t o  the  
south is  taken a s  standard; the c rus t  i s  modelled t o  be 35 km thick,  
with a mean density of 2-75 Mg/m3, and the  c r u s t  i s  underlain by a mantle 
of density 3.4 Mg/m3. To the north the c rus t  i s  thinned t o  22.5 km and the  
mantle density lowered accordingly so t h a t  compensation is  achieved a t  a 
depth of LOO km. A s imi la r  gravity edge-effect t o  t h a t  of f i g .  7.2 could 
a l so  be simulated by holding the c rus ta l  thicknesses the same across t h i s  
boundary but postula t ing a denser c rus t  t o  t he  north. For example, t r i a l  
models indicate  t h a t  i f  a 35 km crus t  t o  the  north of the boundary was 
0.2 ~ ~ / m ~  more dense than t h a t  t o  the south, and the denser c rus t  i s  
compensated by a low density mantle s imilar  t o  t h a t  shown i n  f i g .  7.2, much 
t h e  same edge-effect gravi ty  anomaly would be produced. Alternatively,  
some combination of say a c rus t  6 km thinner and 0.1 M C J / ~ ~  more dense t o  
the  north, and compensated by a low density mantle, would a lso give t he  
desired edge-effect gravi ty  anomaly. 
Fig. 7.2 displays the  edge-effect anomaly on an enlarged scale  fo r  
a north-south p r o f i l e  through M t  Egmont. Although there  i s  a reasonable 
match of gradients with the  observed anomaly t he  model can only be considered 
an approximation t o  r e a l i t y  a s  no allowance has been made fo r  the sediments 
along the  prof i le ,  the  gravity e f f ec t  of t he  subducted p l a t e  o r  t he  overa l l  
three-dimensional character of t he  Egmont-Ruapehu-Opotiki boundary. 
The three-dimensional gravity e f f ec t  f o r  t he  edge of f i g .  7.2 
placed along the  Egmont-Ruapehu-Opotiki boundary i s  shown i n  f i g .  7.5; 
a "corner-effect" i s  created producing a loca l  gravity high over Lake Taupo. 
7.4 Central Volcanic'Reaion densltv model 
The density model t o  represent the  Central  Volcanic Region w i l l  cons i s t  
of the  following th ree  components: 
Fig. 7.5 Three-dimensional gravity effect of the model in fig. 7 . 2  
when the vertical edge, that separates normal continental 
crust and mantle from thinned crust and low-density mantle, 
is placed along the Egmont-Ruapehu-Opotiki boundary 
(ie. ABC in figure). Gravity effect in pN/kg. 
a )  Near surface: the  seismic refract ion data presented i n  chapter 5 
show t h a t  a t  three l o c a l i t i e s  within the Central Volcanic Region there  is  
about 2 km of low-velocity volcanic rocks. The residual gravity e f f ec t  of 
these rocks i s  equivalent t o  a 2 km layer with an average density contras t  
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of -0 -4 Mg/m , with respect t o  the greywacke rocks t h a t  a re  found e i the r  
s ide  of the  Region. For the  purposes of a regional interpreta t ion t h i s  
low-velocity, low-density layer  w i l l  be assumed t o  be present r i g h t  over 
the Region. 
b) Upper crust:  beneath 2 km the rock type and density s t ruc ture  fo r  
the  c rus t  of the Central Volcanic Region a re  unknown. However i n  order t o  
obtain a coherent explanation fo r  the  secondary negative residual anomalies 
detected a t  Mangakino and T a u p  it w i l l  be proposed t h a t  the upper c rus t a l  
rocks i n  the depth range of 2-10 km are  l e s s  dense than those c rus ta l  rocks, 
a t  an equivalent depth, t h a t  flank the Region. 
c )  Upper mantle: the  most def in i t ive  geophysical data t ha t  bears 
upon the upper mantle of the  Central Volcanic Region a re  the Pn velocity 
determinations of Haines (1979) (see chapter 2 ) .  The Pn velocity fo r  t he  
Region i s  7 .4a .1  km/s, which i s  anomalously low, By adopting the velocity- 
density relationships of Woollard (1959) for  rocks a t  a depth of 8 km o r  
greater ,  a 7.4 km/s velocity i s  associated with a density of about 
3.1 ~ ~ / m ~ ,  whereas rocks with a normal mantle velocity of say 8.2 km/s a r e  
associated with a density of about 3.4 km/s. Deviations from curves such 
a s  t h a t  presented by Woollard (1959) may occur, bu t  any reasonable var ia t ions  
from h i s  curve w i l l  not a l t e r  t he  general r e su l t s  of t h i s  modelling exercise. 
Rocks below the 7.4 km/s boundary w i l l  be denoted a s  the "upper mantle" 
fo r  the  Central Volcanic Region whereas a l l  rocks above t h i s  boundary w i l l  be 
referred t o  as the "crust". 
~ i g .  7.6 
~iagram showing the density model and associated gravity effect 
used to represent the Central Volcanic Region; in two-dimensions 
(at top) and three-dimensions (bottom). Compensation at 22.5 km, 
densities in ~g/rn~ and gravity effect in v~/kg. 
The principal  constra int  f o r  the gravity model of the Central 
Volcanic Region i s  t h a t  it be loca l ly  compensated with respect  t o  the 
s t ruc ture  each s ide  of the  Region. I n  the previous sect ion it was proposed 
t h a t  t he  s t ruc ture  on the  concave s ide  of the  Egmont-Ruapehu-Opotiki boundary 
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consis ts  of a c rus t  22.5 km thick underlain by a mantle of density 3.30 Mg/m . 
The model fo r  the Central Volcanic Region w i l l  represent deviations from t h i s  
s t ruc ture  with i s o s t a t i c  compensation being achieved a t  a depth of 22.5 km; 
t h i s  depth of compensation i s  chosen because it corresponds t o  the proposed 
posi t ion for  the  base of the  c rus t  each s ide  of t he  Region, hence simplifying 
the  computational procedures, and a l so  because it approximately coincides 
with the  estimated depth for  the  base of the e l a s t i c  portion of the  
l i thosphere of the northwestern North Island (sect ion 6 .8) .  
A density model t h a t  s a t i s f i e s  the above conditions along with the 
calculated gravity e f fec t s  of the  model i n  two and th ree  dimensions i s  
shown i n  f ig .  7.6. The model i s  non-unique and i n  par t i cu la r  the depth of 
the  proposed crust-upper mantle in te r face  i s  poorly constrained. For example, 
t r i a l  models indicated t h a t  providing i s o s t a t i c  compensation i s  achieved a t  
a depth of 22.5 km, with respect  t o  the s t ruc ture  each s ide  of the Region, 
the upper mantle density and c rus t a l  thickness could be simultaneously 
varied from 3 -02 t o  3.30 Mg/m3 and 15 t o  19 km, respectively,  without any 
appreciable changes i n  the  calculated gravity anomaly. However, the  model 
shown i s  not physically unreasonable and accounts f o r  several  important 
features  on the  observed i s o s t a t i c  gravity anomaly map ( f i g .  7 . l ( a ) ) ;  
namely, t h e  gravity highs t h a t  flank the  Region, the  deep gravity low 
where t he  Region becomes narrow near Lake Taupo and a broad, cen t ra l ly  
placed, r e l a t i v e  gravity high a t  the  northern extremity of the  Region. 
There a r e  three  features  of the  model i n  f i g .  7.6 t h a t  a re  purely 
a r t e f ac t s  of computational convenience. F i r s t l y ,  the  use of 2.75 Mg/m3 a s  
the  density f o r  the lower c rus t  of the  Central Volcanic Region is  not 
meant t o  imply t h a t  these rocks a re  the same a s  those 2.75 ~ g / m ~  c rus t a l  
rocks t h a t  a r e  shown t o  flank the Region. Secondly, the use of sharp 
horizontal  boundaries between the various isodensity layers  may be m i s -  
leading; par t i cu la r ly  the  crust-upper mantle in te r face  fo r  which earthquake 
s tudies  (Haines, 1979) spec i f ica l ly  suggests t o  be an i nd i s t i nc t  boundary. 
Lastly,  the  choice of v e r t i c a l  boundaries t o  separate the isodensity layers 
within the  Region from those without is  a consequence of the  requirement 
t h a t  the  model be a simple, loca l ly  compensated one. I n  r e a l i t y  these  
boundaries may not be ve r t i ca l ,  but  t h i s  cannot be determined from gravity 
data alone. 
The two components of the  cen t ra l  North Island gravity model so f a r  
discussed deal with a proposed var ia t ion i n  c rus t a l  thickness and mantle 
dens i t i es ;  these a r e  summarised i n  f i g .  7.7. The f i n a l  component of the  
gravity model i s  the  model of the  subducted Pac i f ic  p la te .  
7.5 The gravity e f f e c t - o f  subducted l i thospher ic  p la tes  
7.5 .l Introduction 
The gravity e f f ec t  of subducted l i thospher ic  p l a t e s  remains 
uncertain despi te  the  topic  having received a great  deal  of a t t en t ion  
(e.g. Hatherton, 1970 ; Griggs , 1972; Grow, 1973) . These authors 
attempt t o  determine the  gravity e f f ec t  of subducted p la tes  d i r ec t l y  from 
gravity observations. A theore t ica l  approach t o  the problem has been made 
by Minear & ~ o k s o z  (1970) who calculated the  temperature d i s t r ibu t ion  a s  
a means t o  gain an estimate f o r  the  anomalous density and hence gravi ty  
e f f ec t  of a subducted pla te .  Their models show a broad posi t ive  anomaly of 
850 uN/kg and a broad negative anomaly of -1050 yN/kg for  subduction r a t e s  
of 8 and 1 cm/y respectively.  Such an extreme range of gravity anomalies 
a r e  ra re ly  observed over subduction zones. 
Fig. 7.7 A plan view summarising the proposed crust-upper 
mantle structure associated with the Central Volcanic 
Region and the Egmont-Xua~ehu-Opotiki boundary. 
Densities in 
The process of subduction a t  act ive  margins i s  a dynamical 
phenomenon and the question natural ly  a r i s e s  of how the  dynamics may 
a f f e c t  the  gravity anomaly f i e ld .  The problem of calculating dynamic 
f l u id  flow and induced s t resses  i n  back-arc regions has been considered 
by McKenzie (1969) , Scla te r  (1972) , Andrews & Sleep (1974) and 
Toksbz & Bird (1977) among others.  The problem i s  a d i f f i c u l t  one 
f o r  it depends on poorly known parameters such a s  asthenospheric viscosi ty ,  
which i s  both s t r e s s  and temperature dependent. Coupled t o  t h i s  question 
of induced dynamic flow i s  t h a t  of how the excess mass of the  subducted 
p l a t e  is compensated. 
Davies (1981) presents some exploratory models fo r  subduction t h a t  
appear t o  be par t icu la r ly  promising i n  t h i s  regard. He begins by asser t ing  
t h a t  since subducted p l a t e s  represent some of t he  l a rges t  mass anomalies 
within the  earth it is  reasonable t h a t  they be a t  l e a s t  pa r t i a l l y ,  i f  
not  wholly, compensated. He considers t h a t  compensation could be achieved 
by the  ear th 's  surface being pulled downwards by one, o r  a combination of ,  
the  following two mechanisms : 
(i) By s t resses  transmitted up the s lab  t o  t he  earth ' S  surface thus 
causing the  of ten observed trench. This is  ca l l ed  trench flexure. 
(ii) By dynamically induced s t resses  transmitted through the f l u i d  
asthenospheric wedge t h a t  over l ies  the  subducted p la te .  This i s  cal led 
wedge f lexure . 
Wedge flexure has previously been predicted by McKenzie (1969) and 
i s  discussed more f u l l y  by Tovish e t  al. (1978). 
Fig. 7.8 gives some of Davies r e su l t s  calculated for  a two-dimensional, 
45' dipping p la te  t h a t  is 1000 km i n  length, subducting a t  a veloci ty  of 
80 mm/y, represents an excess mass of 3 .5x1012 kg m-' and i s  over la in  by 
an asthenospheric wedge of viscosi ty  3 X 1020 N s m-'. The cartoon a t  t he  
bottom of f i g .  7.8 is a schematic ear th  model showing the various surface 
displacements associated with subduction t h a t  w i l l  give r i s e  t o  gravity 
anomalies. Anomalies due t o  trench flexure can a r i s e  from e i the r  a 
depression i n  the ear th ' s  surface a t ,  o r  about, the point above where the 
plate  begins i t s  descent, o r  from the  downward displacement t o  mantle depths 
of oceanic c rus t  t h a t  caps the upper surface of the  subducted plate .  These 
models a r e  highly simplified and i n  par t icu la r  note t h a t  the displacement 
curve fo r  trench flexure i s  calculated fo r  the ve r t i ca l  component of the 
p la te  load ac t ing  a t  a symmetrical trench; the  e f fec t s  of the  horizontal  
component of the  p la te  load and of moments a t  the trench a re  neglected. 
The top graph of f i g .  7.8 shows the calculated gravity e f f ec t  of the 
excess mass of the  subducted p l a t e  and the maximum gravity e f f ec t s  of 
wedge and trench flexure- The so l id  l i n e  i n  t h i s  graph represents the 
calculated gravity e f fec t  of the  excess mass of the  subducted p l a t e  t h a t  
i s  30% compensated by trench flexure and 50% by wedge flexure; fur ther  
examples with various other combinations of wedge and trench flexure a re  
given by Davies (1981) . 
The pr incipal  point of these theore t ica l  models i s  t h a t  a wide var ie ty  
of gravity prof i les  across subduction zones i s  possible depending on how 
compensation f o r  the subducted p l a t e  is achieved. Of par t icu la r  note i s  
t ha t  i f  compensation for  the p l a t e  is wholly due t o  wedge flexure the 
respective gravity e f fec t s  of wedge flexure and the excess mass of the 
p la te  a r e  nearly equal and opposite ( f i g .  7.8). It i s  therefore possible 
t ha t  subduction could occur beneath some region without any noticeable 
gravity anomalies a t  a l l .  I n  r e a l i t y ,  however, trenches o r  deep sedimentary 
basins associated with the point on the ear th 's  surface &ove where a subducted 
plate  makes i t s  principal downturn a re  observed, so t ha t  it i s  reasonable 
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of a subducted plate (after Davies, 1981). The earth - 
model is schematic only and shows the various displacements 
that give rise to wedge (W)  and trench (T)  associated 
gravity anomalies. 
t o  conject t h a t  i n  most cases a t  l e a s t  pa r t  of the compensation fo r  a 
subducted p l a t e  is real ised by trench flexure. 
Whether o r  not wedge flexure can be predicted t o  be an important 
contributing fac tor  t o  the compensation of a subducted p l a t e  is  largely 
dependent on the  viscosity within the  asthenospheric wedge t h a t  over l ies  
the  p la te ;  t h e  higher the viscosi ty  the  b e t t e r  the  coupling between 
induced convection i n  the f l u i d  asthenosphere and the overlying 
l i thosphere.  McKenzie's (1969) mathematical formulation of wedge flexure 
shows t h a t  the  amplitude of the  f lexure  i s  dependent on the  length scale:  
L (km) = ( 2 ~  v/bpg) ' where V i s  the  viscosi ty  i n  the  asthenosphere, v i s  
the  subduction veloci ty ,  Ap i s  the  density contras t  between the  
asthenosphere and the  material t h a t  over l ies  the depressed l i thosphere 
and g i s  the  acceleration of gravity.  
Of a l l  the  above parameters t h a t  define L the viscosi ty  is  the  
l e a s t  confidently known. Furthermore, being an exponential function of 
temperature, the  viscosi ty  of the  asthenosphere may be highly variable 
and a t  bes t  can only be estimated t o  an order of magnitude (McKenzie, 1969). 
Davies and McKenzie use a viscosi ty  of 3 X 10" N S m-' i n  t h e i r  models, 
but  i f  t h i s  value were t o  be reduced by an order of magnitude the  amplitude 
of wedge flexure predicted by t h e i r  models would be lessened accordingly. 
In  t h i s  regard it is  worth while noting t h a t  an asthenospheric viscosi ty  
of 1018 N S m-' has been proposed by Artyushkov (1974) f o r  t ec ton ica l ly  
ac t ive  areas  and v i scos i t i es  of 10' 8-1019 N S m-' have been suggested 
by Mavko & Nur (1975) and Spence (1977) spec i f ica l ly  f o r  the  asthenosphere 
i n  the  wedge above subducted p l a t e s .  Moreover, Artyushkov goes fur ther  
t o  argue t h a t  dynamic motion within the  asthenosphere of t ec ton ica l ly  
act ive  areas cannot be responsible f o r  observed i s o s t a t i c  anomalies which 
commonly amount t o  a few hundred pN/kg. He calculates  t h a t  f o r  an 
asthenospheric viscosity of 1018 N S m-' "improbably high rates of 
asthenospheric flow (>l0 m/y) would be necessary to create viscous 
stresses that could sustain uncompensated loads >102 bars (10 M P ~ )  
corresponding to the observed isostatic anomalies." 
South of the Egmont-Ruapehu line where the heat flow is lower 
than to the north, and no attenuating zone within the upper mantle is 
inferred to be present (fig. 2.1), it appears possible that the astheno- 
spheric wedge is cooler and therefore more viscous than the asthenospheric 
wedge north of the Egmont-Ruapehu line. Thus conditions to the south of 
the line are more favourable than to the north for wedge flexure to be a 
contributing factor to the compensation of the subducted plate. However, 
for the part of the North Island that this model is primarily concerned 
with, that is the region north of the latitude coincident with the Egmont- 
Ruapehu line, it will be assumed that compensation for the subducted plate 
is achieved wholly by trench flexure. 
7.5.2 Mass anomaly models of subduction 
The trench flexure model of Davies (1981) is physically identical 
to the flexural or elastic plate model of subduction as described by 
Watts & Talwani (1974). Watts & Talwani consider the simple analogy for 
subduction of an applied force acting on the free edge of a semi-infinite 
elastic plate which overlies a weak fluid. They note "The total gravity 
anomaly associated with a flexural model is obtained from the combined 
gravity effects of the surface load and the induced deflections. Since 
the deflections are a form of compensation for the applied surface load 
the total gravity effect of the model integrated to great distances will be 
zero. 
The elastic plate model predicts three principal sources for 
the gravity anomalies obseryed over subduction zones: 
(i) The gravity effect of the applied load - in this case 
the equivalent applied load is the excess mass of the subducted plate. 
(ii) The gravity effect of trench flexure. As discussed in section 
7.5.1 this gravity effect may arise from a depression in the surface of 
the earth at, or about, the point above the principal downturn of the 
subducted plate, or from tlie downward displacement of crustal material, 
that caps the plate,to mantle depths. 
(iii) The gravity effect of a topographic high which is predicted, 
and is indeed commonly observed (Watts & Talwani, 1974), to occur 
oceanward of the point of downturn for the subducted plate. This outer 
gravity and topographic high arises from an upward elastic flexure that 
provides partial compensation for the trench flexure described in (ii) above 
The mass balance associated with subduction may therefore be approximated 
by: 
+ 
where M = mass anomaly of the plate (positive sign) 
P 
- 
M = mass anomaly associated with the principal downturn d 
(negative sign) 
M+ = mass anomaly associated with the first upward deflection 
OH 
(outer topographic or gravity high) (positive sign). 
Due to a paucity of marine gravity data off the East Coast of the 
North Island the outer gravity-topographic high for the North Island 
subduction zone cannot be readily identified. However, the theoretical 
models presented by Watts & Talwani indicate that the integrated gravity 
effect of the outer gravity high will be about 10% of the integrated 
gravity effect associated with the principal downturn (M-) d . Accordingly, 
equation 7.1 is modified to: 
Seismic studies carried out by Reyners (1978) provide the following 
geometrical constraints for the gravity model: 
1) Between the Hikurangi Trench and the 80 km isobath of deep 
seismic activity the plate dips northwest with the dip increasing from 
5O to about 30°; beneath 80 km the plate dips northwest at an angle of 
about 50°. 
2) The 80 km isobath approximately corresponds to the position 
of the active volcanic front. 
The model adopted here is essentially a modification of Hatherton's 
model (b) of fig. 2.4. It is based on petrological arguments presented 
by Grow (1973) and Anderson e t  a l .  (1976) and applied by Sayer (1980) 
to the Mariana subduction zone. The negative mass anomaly is attributed 
to a layer of oceanic crust capping the plate and being carried down to 
mantle depths. At a depth of about 80 km the oceanic crust is considered 
to have transformed to eclogite of density 3.56 ~g/rn~ (Anderson et a l .  1976). 
At a depth of 150 km temperatures are assumed to have risen sufficiently 
for the eclogite layer to have melted (Cole, 1978), and being denser 
than the standard mantle, the eclogite layer constitutes part of the 
+ + positive mass anomaly in M (equation 7.3). The remainder of M is 
P P 
modelled as being due to that part of a 80 km thick, relatively cool 
subducted plate, less the eclogite layer, in the depth range of 80 to 
250 km. 
It is assumed here that the Wanganui and East Coast sedimentary basins 
arise from subduction related processes. That is the sedimentary basins 
are, in part, a form of distributed compensation for the subducted plate 
and accordingly the negative mass anomalies associated with the sedimentary 
infill are considered to be part of M: in equation 7.3. This assumption 
may not be strictly valid, particularly for the northern portion of the 
Wanganui Sedimentary Basin, where sediments may be compensated by 
mechanisms quite unrelated to the subduction process. Nevertheless, 
even though the near surface sediments have a pronounced gravitational 
effect their contribution to M; is only minor. 
The positions of the mass anomalies described above and the mass 
balance of equation 7.3 effectively define the wavelength of the subduction- 
related gravity anomaly; what remains to be determined is the amplitude 
of the anomaly. A southeast-northwest profile was taken across the 
North Island ($-A in fig. 7.4) and a model constructed incorporating the 
Central Volcanic Region, the Ruapehu-Opotiki boundary and the subduction 
effect. The free parameters of the subduction model were then varied 
until a satisfactory fit between the calculated and observed isostatic 
gravity anomalies was obtained. The free parameters of the subduction model 
were considered to be the thickness of the oceanic crust/eclogite layer 
and the positive density contrast in the main body of the subducted plate 
at depths greater than 80 km. The best fit model is shown in fig. 7.9. 
It can be seen that after allowance for the gravity effect of the 
Central Volcanic Region and the Ruapehu-Opotiki boundaries the effect 
of the subduction process is required to be quite small; 120 pN/kg in the 
back-arc region and, if the contribution from the near surface sediments 
is neglected, -300 uN/kg over the principal downturn of the plate. 
The 0.015 Mg/m3 density contrast proposed for the bulk of the 
subducted plate appears small when compared say to  ath her ton's models 
(fig. 2.4). However, the total mass anomaly of the slab is equal to 

3 . 4 ~ 1 0 ~  Mg m-' which if distributed unifo~mly throughout an 80 km thick, 
222 km long plate is equivalent to a mean density contrast of 0.02 ~ ~ / m ~  
or for a 50 km thick plate, as used by Hatherton in his models, a density 
contrast of 0.03 Mq/m3. 
Watts & Talwani (1974) found that outer gravity highs seaward of 
the Aleutian and other trenches may be explained in total by an upward 
topographic flexure of the seafloor without any contribution from the 
subducted plate. They concluded that if a 80 km thick plate, in the 
depth range of 80 to 250 km, is to make a negligible contribution to the 
outer gravity high then the mean density contrast throughout the plate 
must be 0.04 Mg/m3 or less. In light of this result the proposal of 
an average 0.02 to 0.03 ~ ~ / m ~  density contrast for the subducted plate 
beneath the North Island does not appear unreasonable. 
In any event, the important point of this analysis is that it is 
difficult to isolate the gravity contribution of a subducted plate from 
the observed gravity data alone; possible gravity effects of crust-mantle 
perturbations associated with extension in the back-arc regions may 
have a more dominant gravity effect and need to be isolated first. 
7.6 Combined gravity effect of the three structures 
The calculated three-dimensional effects of the ~uapehu-Egmont-Opotiki 
boundary, the Central Volcanic Region boundary and the subduction model, 
excluding the effects of near surface sediments, are shown superimposed 
on a 20 X 20 km grid of the North Island in fig. 7.10(a). The estimated 
gravity effects of sediments within the Wanganui and East Coast basins 
are shown in fig. 7.10(b). For the Wanganui Basin the gravity effects are 
a smoothed version of the residual anomalies given by Hunt (1980) whereas 
for the East Coast Basin the gravity effects can only be considered as 
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~ i g .  7.10 U s e r  g r i d  shows t h e  combined e f f e c t s  of t h e  Egmont-Ruapehu- 
Opotiki boundary ( f i g .  7 . 5 ) ,  t he  C.V.R. boundary ( f i g .  7 .7)  
and t h e  subduction model ( f i g .  7 . 9 ) .  The lower g r i d  represents  
t h e  estimated g rav i ty  anomaly e f f e c t  of low-density sediments. 
Fig. 7.11 Top map shows the combined effect of the two grids 
shown in fig. 7.10. The bottom map is the observed 
isostatic anomalies. 
crude estimates. However, as for the ~anganui Basin, the gravity effects 
of the East Coast sediments are considered to have a minimum value of 
-500 pN/kg and the effects of the Miocene sediments are taken to be 
substantially less than that of Pleistocene-Pliocene sediments (Hunt, 1980). 
Fig. 7.11 shows a contoured presentation of the calculated gravity 
anomalies compared with the observed isostatic gravity anomaly field. 
Applying the goodness of fit criterion: 
% of anomaly explained = (C (obs) - C (residual) 2/C (obs) X 100% 
where residual = calculated-observed,it was found that 90% of the observed 
gravity anomaly pattern could be explained by the model with a standard . 
error of residuals equal to 150 pN/kg. 
The model provides a satisfactory fit to the observed gravity for 
regions either side of and within the Central Volcanic Region; thus 
fulfilling the original objective of this exercise. The model obviously 
fails, however, by some -500 uN/kg to satisfy the intense negative 
anomaly near Wanganui. 
7.7 The Wanganui gravity anomaly 
The Flanganui gravity anomaly has attracted the attention of various 
New Zealand geophysicists for some time (Robertson & Reilly, 1958; 
Eiby, 1964; Reyners, 1978). However, no generally accepted solution has 
yet been proposed. Although it is going beyond the scope of this study 
to attempt a quantitative solution for the Wanganui anomaly, the following 
modifications to the regional gravity model described in this chapter may 
be useful: 
i) A bending of the subducted plate model to the southwest once 
south of Mt Ruapehu. The isobaths of deep seismic activity as given by 
Adams & Ware (1977) show a slight hint of such a bend, although possibly 
not enough t o  account f o r  t h e  southwest bend i n  t h e  a x i s  of the  ~ a n g i t i k e i -  
Waiapu negative gravi ty  anomaly. 
(ii) A change i n  t h e  mode of compensation f o r  t h e  subducted p l a t e  
from t rench t o  wedge f l exure  once south of M t  Ruapehu, This i s  considered 
t h e  most promising avenue of inqui ry  f o r  t h e  following reasons. F i r s t l y ,  it 
would account f o r  t h e  dev ia t ion  of  t h e  a x i s  of  t h e  negative gravi ty  anomaly 
from t h e  s t r i k e  d i r e c t i o n  of Benioff zone; from f i g .  7.8 it can be seen 
t h a t  t h e  g rav i ty  minimum f o r  wedge f lexure  w i l l  occur f u r t h e r  landward, o r  
i n  the  case  of the  North Is land f u r t h e r  t o  t h e  northwest,  than t h e  minimum 
produced by t rench f lexure .  Secondly, wedge f l e x u r e  may go some way i n  
providing an explanation f o r  t h e  "c rus ta l  downwarp" (Suggate, 1978) t h a t  
e x i s t s  between the  Wanganui Basin i n  the  north t o  t h e  Marlborough a rea  
i n  t h e  south. Las t ly ,  it i s  physica l ly  reasonable t o  propose two forms 
of compensation f o r  t h e  subducted p l a t e  wi th in  t h e  North Is land,  because 
whether o r  not  wedge o r  t rench f l exure  w i l l  occur i s  l a r g e l y  dependent 
on t h e  v i s c o s i t y  of t h e  asthenospheric wedge t h a t  o v e r l i e s  the  p l a t e  
( s e c t i o n  7.5.1). The geophysical observations discussed i n  sec t ion  7.4 
p o i n t  t o  a  colder  and the re fo re  more viscous asthenosphere south of t h e  
Egmont-Ruapehu boundary than t o  t h e  north,  thus making condit ions more 
favourable f o r  wedge f l exure  t o  the  south and t rench f l exure  t o  t h e  nor th  
of t h e  boundary. 
The p r a c t i c a l ,  o r  computational, consequence of allowing f o r  
wedge f l exure  beneath t h e  Wanganui Basin, would be  t h a t  t h e  g rav i ty  e f f e c t  
of a  downwarp of the  crust-mantle i n t e r f a c e ,  beneath t h e  Basin, be 
included i n  t h e  model. 
A t  t h i s  s tage  the  above d iscuss ion must be regarded a s  conjec ture ;  
more da ta  and de ta i l ed  modelling i s  required before  t h e  exact cause of t h e  
impressive FJanganui g rav i ty  anomaly can be i d e n t i f i e d .  
7.8 23-Dimensional so lu t ion  t o  t h e  Bouguer gravi ty  anomaly f i e l d  
The so lu t ion  f o r  t h e  i s o s t a t i c  g rav i ty  anomaly f i e l d  can only be  
considered t o  r ep resen t  a f i r s t - o r d e r  s t r u c t u r a l  so lu t ion  a s  no allowance 
has been made f o r  compensation of  topography. For t h e  model t o  take  
account of topography, c r u s t a l  thicknesses of t h e  model so lu t ion  t o  t h e  
i s o s t a t i c  g rav i ty  anomaly f i e l d  may be  increased under t h e  mountainous 
regions and decreased off-shore u n t i l  t h e  g rav i ty  e f f e c t  of t h e  modified 
model s a t i s f i e s  t h e  Bouguer g rav i ty  anomaly f i e l d .  
Fig. 7.12 shows a poss ib le  s o l u t i o n  t o  t h e  Bouguer g rav i ty  anomaly 
f i e l d  along p r o f i l e  A-A' of f i g .  2.2. The 23-dimensional modelling 
technique (Appendix D )  was used f o r  t h i s  i n t e r p r e t a t i o n  because t h e  
p r o f i l e  r ep resen t s  a c u t  through a three-dimensional s t ruc tu re .  Crus ta l  
thicknesses a r e  now in te rp re ted  t o  be 23-25 km beneath t h e  northwestern 
North Is land and 27 and 35 km beneath t h e  Kaingaroa p la teau  and Ruahine 
range respect ive ly .  
However, it i s  s t r e s sed  t h a t  these  c r u s t a l  thicknesses can only  
be regarded a s  being approximate f o r  t h e  following reasons. F i r s t l y ,  
it is  assumed t h a t  compensation f o r  topography of t h e  North I s l and  
i s  achieved by a simple pointwise thickening of t h e  c r u s t  and secondly, 
the  s t a r t i n g  po in t  f o r  t h i s  i n t e r p r e t a t i o n  was a s ing le  determination of 
c r u s t a l  th ickness  f o r  t h e  southern por t ion  of t h e  North Is land;  and t h i s  
determination was gained from t h e  r e s u l t s  of  an unreversed seismic 
r e f r a c t i o n  p r o f i l e .  The d i s t r i b u t i o n  of  t h e  low-density upper mantle 
shown i n  f i g .  7.12 is  a l s o  poorly constrained.  For example, a d i s t r i b u t i o n  
more i n  accord with Kar ig ' s  (1974) suggest ion of a "low-density mantle 
d i a p i r "  r i s i n g  up beneath t h e  back-arc bas in  would requ i re  t h a t  t h e  
low-density mantle ma te r i a l  were concentrated i n  a narrow region d i r e c t l y  
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Fig. 7.12 A 2:i-dimensional (a2pendix D) interpretational model for the 
Bouguer gravity anomaly field along A-A' of fig. 7.4. The 
density contrasts of mass anomalies, other than those associated 
with the subducted plate beneath 80 km, are calculated with 
respect to the standard density model shown on the right. Mass 
anomalies associated with the thin crust and low-density mantle 
beneath the C.V.R. and western North Island are calculated with 
a southwest strike-length of 50 km. Other mass anomalies have 
infinite strike-lengths. 
beneath t h e  bas in  and extending down t o  t h e  t o p  surface  of t h e  subducted 
p la te .  These a r e  aspects  of the  model t h a t  cannot be resolved from 
grav i ty  da ta  alone, Nevertheless, the  important f ea tu res  t h a t  t h e  model 
does i l l u s t r a t e  a re :  
(i) The r e l a t i v e  v a r i a t i o n  i n  c r u s t a l  thicknesses and upper mantle 
d e n s i t i e s  of t h e  c e n t r a l  North Is land t h a t  a r e  required t o  explain t h e  
observed g rav i ty  anomalies. 
(ii) The abrupt  change i n  t h e  v e r t i c a l  mass d i s t r i b u t i o n  a t  t h e  
boundaries of  t h e  Central  Volcanic Region t h a t  i s  required f o r  a  
compensated model t o  simulate t h e  observed, s t e e p  gravi ty  gradients .  
Fig. 7.13 summarises t h e  regional  g rav i ty  i n t e r p r e t a t i o n  model f o r  
t h e  North Is land.  The i s o s t a t i c  gravi ty  anomaly map i s  divided i n t o  t h e  
following four regions:  
Region 1: Northland-Waikato-Taranaki region - grav i ty  anomalies 
a r e  almost e n t i r e l y  p o s i t i v e  here  and a r e  in te rp re ted  t o  a r i s e  from grav i ty  
edge-effects associa ted  with t h e  Eqmont-Ruapehu-Opotiki and Central  
Volcanic Region boundaries, S t r u c t u r a l l y ,  t h e  region i s  in te rp re ted  
t o  have a t h i n  ( o r  more dense) c r u s t  which i s  compensated by a low- 
dens i ty  mantle, 
Region 2: Centra l  Volcanic Region - an a rea  of very t h i n  c r u s t  (ha l f  
t h e  normal cont inenta l  th ickness)  which i s  under la in  by a low-density 
mantle, The r e l a t i v e  g rav i ty  low i n  t h e  c e n t r e  of  t h e  Region i s  
in te rp re ted  t o  be due t o  s u p e r f i c i a l ,  low-density volcanics and t h e  
f lanking gravi ty  hiqhs a s  being due t o  a  shallow mantle beneath t h e  
Region which provides compensation f o r  t h e  low-density volcanic rocks above. 
Region 3 :  The elongated g rav i ty  low and deep sedimentary p i l e  t h a t  
dominates the  Hawke Bay a rea  a r e  i n t e r p r e t e d  a s  being due t o  a  t rench 
f l exure  which provides compensation f o r  t h e  excess mass of t h e  subducted 
Fig. 7.13 ~ i a g r a m  showing t h e  North Is land i s o s t a t i c  g r a v i t y  anomaly 
f i e l d  divided i n t o  four d i s t i n c t  regions.  A summary 
desc r in t ion  f o r  each region i s  given i n  t h e  t e x t .  The 
a rea  shown beneath which the  subducted p l a t e  i s  in fe r red  t o  
be yresent  i s  taken from Waicott (1978) and t h e  arrows 
represent  t h e  d i r e c t i o n  of t h e  present  day motion between 
t h e  P a c i f i c  and Indian p l a t e s .  
p l a t e  t h a t  under l ies  regions  1 and 2. I n  addi t ion ,  a component of t h e  
negative gravi ty  anomaly i s  in terpre ted  t o  come from t h e  g rav i ty  edge- 
e f f e c t  associated with t h e  Ruapehu-Opotiki boundary. 
Region 4: The broad and in tense  gravi ty  low centred near Wanganui 
i s  proposed t o  be due t o  both a gravi ty  edge e f f e c t  associated with t h e  
Egmont-Ruapehu boundary and a wedge f l exure  which provides compensation 
f o r  t h e  subducted p l a t e  i n  t h i s  region. 
7.9 Conclusions 
The g rav i ty  i n t e r p r e t a t i o n  presented here  i s  t h e  f i r s t  at tempt t o  
consider  both shallow c r u s t a l  and deep mantle s t r u c t u r e  of t h e  c e n t r a l  
North Is land,  Because t h e  model i s  a s t a t i c ,  l o c a l l y  compensated one it 
must be considered l imi t ing .  Nevertheless t h e  model i s  useful  i n  t h a t  it 
i s  broadly compatible with o the r  geophysical d a t a  pe r t a in ing  t o  t h e  
c e n t r a l  North Is land and simple enough t o  be  t e s t e d  by deep seismic sounding. 
Therefore the  model should be  regarded a s  a t e s t a b l e  hypothesis.  
Up t o  t h i s  s t age  no explanation has been offered  which might 
account f o r  the  proposed v a r i a t i o n  of c r u s t  and l i t h o s p h e r i c  thicknesses 
of t h e  North Island.  I n  a very general  way an explanation may be secured 
from any one of the  var ious  t h e o r e t i c a l  accounts of back-arc asthenospheric 
convection (e-g .  McKenzie, 1969; S c l a t e r ,  1972; Andrews & Sleep, 1974; 
T O ~ S G Z  & Bird, 1977). These accounts p r e d i c t  a thermally weakened and 
thinned l i thosphere  i n  back-arc regions a s  a r e s u l t  of convection wi th in  
t h e  asthenosphere induced by t h e  downgoing p l a t e ;  a s  t h e  l i thoephere  
t h i n s ,  low-density asthenosphere r i s e s  causing c r u s t a l  extension, u p l i f t  
and supracrus ta l  e ros ion and, u l t imate ly ,  back-arc spreading with t h e  
c r e a t i o n  of new l i thosphere .  Yet t h i s  genera l i sed  account s t i l l  begs t h e  
ques t ion  of why t h e  Egmont-Ruapehu boundary passes  near ly  orthogonally 
over t h e  i sobaths  of deep seismic a c t i v i t y .  To answer t h i s ,  t h e  h i s t o r y  
of subduction beneath t h e  North I s l and  over the  l a s t  20 My should be 
considered. Hatherton (1969b) , Calhaem (1973), and Cole & Lewis (1981) 
have a l l  en te r t a ined  t h e  idea t h a t  a NW-SE t rending subduction zone 
extended beneath t h e  northwestern North Is land during Ter t i a ry  times and 
has r o t a t e d  and migrated southeastwards s ince .  I f  t h i s  is  so then it 
would appear t h a t  t h e  Northland and Waikato regions of t h e  North Is land 
have been subjected t o  possibly a s  much a s  20 My of back-arc convection 
and l i thospher ic  and c r u s t a l  thinning.  On the  o ther  hand, subduction a t  
the  south end of the  North I s l and  is  thought t o  be  a t  a comparatively 
juvenile  s t age  (Walcott, 1978). Thus it i s  poss ib le  t h a t  south of the  
Egmont-Ruapehu boundary i n s u f f i c i e n t  time has elapsed f o r  back-arc 
asthenospheric convection t o  thermally weaken and t h i n  t h e  l i thosphere .  
Because t h e  North Is land back-arc g rav i ty  high is  coincident  with 
areas  of  extensional  t ec ton ics ,  higher than normal heat-flow, volcanism 
and anomalous seismic p roper t i e s  of t h e  upper mantle, y e t  not coincident  
with t h e  i sobaths  of deep seismic a c t i v i t y ,  it is  proposed t h a t  it i s  
c r u s t a l  extension and back-arc spreading t h a t  i s  t h e  p r i n c i p a l  cause of 
t h e  North I s l and  back-arc gravi ty  high.  This is  no t  a new proposal.  
Both Karig (1971) and Watts & Talwani (1974) have presented arguments 
based on s t u d i e s  from o the r  asymmetric a c t i v e  regions of the  western 
P a c i f i c  t o  support  t h i s  view, The case  of t h e  Mariana subduction zone 
and associa ted  back-arc bas in  , a s  discussed by Karig, i s  p a r t i c u l a r l y  
convincing. Here the  Benioff zone i s  v e r t i c a l  y e t  a p o s i t i v e  back-arc 
g rav i ty  high of about 500-600 p ~ / k g  peaks over t h e  cen t re  of t h e  back-arc 
bas in ,  and not  above t h e  subducted p l a t e .  Karig presents  a simple loca l ly -  
compensated model, s imi la r  i n  p r i n c i p l e  t o  t h a t  used here ,  t o  explain t h i s  
back-arc g rav i ty  high. Moreover, a r ecen t  study of geoid and g rav i ty  
anomalies associa ted  with some subduction zones, by Chapman and Talwani 
(1982),  a r r i v e  a t  conclusions s imi la r  t o  those a r r ived  a t  i n  t h i s  study. 
Namely, they f ind  t h a t  t o  explain both t h e  geoid and g rav i ty  anomalies, 
observed wi th in  the  v i c i n i t y  of  subduction zones with an associated 
extensional  back-arc bas in ,  a "dipolar  layered mass d i s t r i b u t i o n "  i n  
the  back-arc regions and a f a i r l y  small dens i ty  c o n t r a s t  f o r  the  subducted 
p l a t e  i s  required.  The d ipo la r  layered mass d i s t r i b u t i o n s  i n  t h e  models 
of Chapman & Talwani c o n s i s t s  of a shallow sea compensated by a low- 
dens i ty  upper mantle. This i s  a s imi la r  mass d i s t r i b u t i o n  t o  t h a t  used 
here  f o r  t h e  back-arc regions of t h e  North I s l and ,  except t h a t  it i s  t h i n  
c r u s t ,  r a t h e r  than a shallow sea ,  t h a t  i s  compensated by a low-density 
mantle. 
O f  prime i n t e r e s t  t o  t h i s  study i s  t h a t  t h e  g rav i ty  model provides 
a coherent explanation f o r  t h e  observed gravi ty  anomaly f i e l d  of t h e  
Centra l  Volcanic Region. I n  doing so t h e  rode1 permits a reassessment of  
some o f  t h e  problems encountered with i n t e r p r e t a t i o n s  o f  t h e  r e s idua l  
g rav i ty  anomaly f i e l d  presented i n  chapter  5. For example, the  observation 
t h a t  t h e  r e s idua l  gravi ty  anomaly f i e l d  west of Wairakei i s  about 
200 yN/kg l e s s  than t h e  r e s i d u a l  f i e l d  a t  Rotoehu, y e t  t h e  seismic sec t ions  
a t  t h e s e  two loca t ions  a r e  s i m i l a r ,  can be accounted f o r ,  i n  p a r t ,  by 
t h e  g r a v i t y  e f f e c t  of a shallow mantle which becomes more dominant a s  t h e  
Region widens ( f i g  . 7.6) . 
I n  t h e  following chapter  g rav i ty  p r o f i l e s  across  t h e  Central  Volcanic 
Region w i l l  be  exm.ined with t h i s  po in t  i n  mind. 
Note: Subsequent t o  t h e  development of  t h i s  g rav i ty  model a long- 
range seismic r e f r a c t i o n  experiment has been c a r r i e d  o u t  wi th in  the  Centra l  
Volcanic Region by Geophysics Division of  the  DSIR. The w r i t e r  p a r t i c i p a t e d  
i n  t h i s  experiment and a preliminary in te rpre ta t ion  of the r e s u l t s  i s  
given i n  appendix F. The in te rpre ta t ion  i s  i n  good agreement with the  
s t ruc ture  predicted f o r  the  Central Volcanic Region from the gravi ty  
interpreta t ion.  Namely, a 7.3-7.7 km/s "upper mantle" a t  a depth of 
about 15 km. 
CHAPTER 8  GRAVITY AND HEATFLOW MODELS O F  THE CENTRAL 
VOLCANIC m G I O N  
Summary 
By way of a  summary of t h e  d a t a  and i n t e r p r e t a t i o n s  presented i n  
t h i s  t h e s i s ,  a  quan t i t a t ive ,  in tegra ted  geophysical model f o r  the  Central  
Volcanic Region i s  presented i n  t h i s  chapter.  
Three west-east g rav i ty  i n t e r p r e t a t i o n  p r o f i l e s  across the  Central  
Volcanic Region a r e  examined i n  d e t a i l .  Comparisons a r e  drawn between 
i n t e r p r e t a t i o n s  based on t h e  a n a l y t i c a l l y  derived r e s i d u a l  gravi ty  anomaly 
f i e l d  and t h e  i s o s t a t i c a l l y  compensated model of t h e  Central  Volcanic Region 
presented i n  chapter 7. 
A discussion i s  then presented r e l a t i n g  t o  t h e  poss ib le  pet ro logical  
models f o r  t h e  Central  Volcanic Region t h a t  a r e  implied by the  c r u s t a l  
s t r u c t u r e  model developed i n  t h i s  study. Final ly ,  considerat ion i s  given 
t o  t h e  quest ion of whether t h e  Central  Volcanic Region i s  t h e  s i t e  of 
a c t i v e  spreading o r  merely pass ive  extension. 
8.1 Gravity i n t e r p r e t a t i o n  p r o f i l e s  across the  Centra l  Volcanic Region 
8.1.1 Introduction 
I n  t h e  following sec t ion  emphasis w i l l  be placed on two d i f f e r e n t  
methods of i n t e r p r e t i n g  g rav i ty  p r o f i l e s  across t h e  Centra l  Volcanic 
Region. I n  b r i e f  t h e  procedures and accompanying assumptions f o r  t h e  
two methods a re :  
(i) In te rp re ta t ions  of t h e  a n a l y t i c a l l y  derived res idua l  gravi ty  
anomaly f i e l d :  This i s  t h e  method of gravi ty  i n t e r p r e t a t i o n  t h a t  has 
been applied t o  t h e  Central  Volcanic Region i n  t h e  p a s t ;  examples were 
given previously i n  chapter  5 ( f i g s  5.18 and 5.20).  Separation of the  
r e s idua l  gravi ty  components of  t h e  observed g rav i ty  anomaly f i e l d  is 
achieved by determining a regional  f i e l d  by means of some a n a l y t i c a l  
c r i t e r i a  such a s  wavelength f i l t e r i n g .  These re s idua l s  w i l l  be c a l l e d  
t h e  a n a l y t i c a l  r e s idua l s .  Two assumptions a r e  necessary when i n t e r p r e t i n g  
t h e  a n a l y t i c a l  r e s idua l s .  The f i r s t  i s  t h a t  t h e r e  i s  a c l e a r  separa t ion  
i n  depth between t h e  source bodies responsib le  f o r  t h e  r e s idua l  g rav i ty  
anomalies, on one hand, and t h e  source bodies responsib le  f o r  the  
regional  g rav i ty  anomalies on t h e  o the r .  The second assumption, which i s  
i m p l i c i t  r a t h e r  than s t a t e d ,  i s  e i t h e r  t h a t  t h e  low-density volcanic rocks 
wi th in  t h e  Region a r e  uncompensated, and the re fo re  supported by s t r e s s -  
d i f f e rences  wi th in  t h e  e l a s t i c  l aye r  of the  l i thosphere ,  o r  t h a t  they 
a r e  compensated and t h e  g rav i ty  e f f e c t  of t h e  compensation mechanism i s  
contained wholly wi th in  t h e  regional  g rav i ty  anomaly f i e l d .  
(ii) I n t e r p r e t a t i o n s  of the  modelled r e s i d u a l  g rav i ty  anomalies: 
With t h i s  method t h e  r e s i d u a l s  t o  be  explained a r e  devia t ions  of t h e  
observed gravi ty  anomalies from t h e  ca lcula ted  g rav i ty  e f f e c t  of t h e  
regional  model presented i n  t h e  previous chapter .  I n  p r a c t i c e  t h i s  
r equ i res  t h a t  the  modelled g rav i ty  e f f e c t s  of t h e  Egmont-Ruapehu-Opotiki 
boundary and t h e  subduction model ( f i g s  7.5 and 7.9) a r e  taken a s  t h e  
background regional  g r a v i t y  f i e l d  f o r  t h e  Centra l  Volcanic Region and what 
i s  l e f t ,  here  termed t h e  modelled res idua l s ,  a r e  t h e  g rav i ty  e f f e c t s  
considered t o  r ep resen t  dens i ty  i r r e g u l a r i t i e s  s o l e l y  associa ted  with 
t h e  Central  Volcanic Region. The modelled r e s i d u a l s  have both p o s i t i v e  
and negative components: sharp negative anomalies wi th in  the  Centra l  
Volcanic Region and broader p o s i t i v e  anomalies on t h e  f l anks  and adjacent  
t o  t h e  Region. With t h i s  method a l l  components of t h e  g rav i ty  anomaly 
f i e l d  a r e  accounted f o r  and t h e  u l t ima te  f i d e l i t y  of t h e  i n t e r p r e t a t i o n a l  
models r e s t s  on t he  va l i d i t y  of the  regional  in te rpre ta t iona l  model 
presented i n  t h e  previous chapter. 
The locat ions  of the  three p r o f i l e s  t o  be discussed a r e  shown i n  
f i g .  8.1. 
8.1.2 Tihoi-Wairakei-Kaingaroa p r o f i l e  
An in t e rp re t a t i on  of the  ana ly t ic  res idua l s  along t h i s  p r o f i l e  
( f i g .  5.20) was presented i n  chapter 5. Fig. 8.2(a) shows t h a t  i n t e r -  
pre ta t ion,  and the  in te rpre ta t ion  of t h e  modelled res iduals  along the  
same prof i l e .  Both models of f i g .  8.2 a r e  constrained t o  conform with 
t he  seismic r e s u l t s  of Robinson e t  al. (1981) (sect ion 4.4) which show 
tha t  for  a  l a rge  p a r t  of t h i s  p r o f i l e  t he  volcanic cover can be regarded 
a s  a  2  km th ick  sec t ion  of rocks ( fo r  which t he  res idual  gravi ty  e f f e c t  
i s  about -340 uN/kg) and t h a t  t he  seismic basement beneath the  volcanic 
cover i s  e s sen t i a l l y  horizontal .  
Comparison of t h e  two s e t s  of res idua l s  i n  f i g .  8-2 shows t h a t  
the  modelled res idua l s  a r e  s imilar  i n  shape t o  the  ana ly t ica l  res iduals ,  
but about 120 vN/kg greater  i n  amplitude. The f i r s t -o rder  f i t  t o  the  
modelled res iduals  (dashed l i n e  i n  f i g .  8 . 2 (b ) )  i s  made with a  loca l ly  
compensated s t ruc tu r e  s imilar  t o  t h a t  proposed f o r  the  regional  model 
discussed i n  chapter 7. Negative secondary res iduals  a r e  s t i l l  present 
west of Wairakei, bu t  they a r e  only ha l f  t he  amplitude of t he  secondary 
res iduals  present i n  the  model of f i g .  8 . 2 ( a ) .  I n  f i g .  8,2(b) the  
negative secondary res iduals  a r e  explained by the  addi t ional  gravi ty  
e f f ec t  of a  rectangular body of density con t ras t  - 0.4 ~ g / r n ~  i n  t he  
depth range 7-9 km and i s  in terpreted t o  represent a  body of molten 
rhyol i te .  Such an in te rpre ta t ion  i s  consis tent  with the  numerical- 
petrochemical model of Ewart e t  a l .  (1975) which suggests t h a t  t he  
Fig. 8.1 Residual gravity anomaly map of the Central Volcanic Region 
showing the location of the three profiles A-A', B-B' and 
C-C'-C" to be analysed in this chapter. 
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molten rhyol i t e  required t o  produce the  large scale ash-flows, t h a t  a re  
associated with the  Central  Volcanic Region, would have equi l ibra ted a t  
an average depth of 7-8 km i n  volumes with a  charac te r i s t i c  radius  of 
about 5  km. Moreover, because the  secondary res iduals  a r e  only ha l f  the  
amplitude of those i n  model a ) ,  the  proposed volume of molten rhyo l i t e  
(density contras t  -0.4 P49/m3) can be  modelled deeper than the  6  km depth 
l i m i t  of maximum microearthquake a c t i v i t y  found by Evison et a l .  (1976) 
(sect ion 5 -5) . 
Other in te rpre ta t ions  of these  negative secondary res iduals  a r e  
possible.  For example, it could be t h a t  the  low-density volcanic cover i s  
l e s s  dense o r  th icker  west of Wairakei than elsewhere and t h a t  the  
resolut ion of the  re f rac t ion  survey of Robinson e t  a l .  (1981) was 
i n su f f i c i en t  t o  de tec t  t h i s .  More deta i led seismic work i n  t h i s  area  
would be desirable.  
The loca l  gravity high over Wairakei i s  explained i n  model b )  by a  
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mass anomaly of density contras t  +0.2 Mg/m , with respect  t o  the  volcanic 
cover, i n  the  depth range 500 t o  1500 m. On the  other hand, the  
in te rpre ta t ion  of f i g .  8.2(a) implies t ha t  t he  Wairakei gravi ty  high i s  
"normal" and t h a t  the  region t o  the  ea s t  of Wairakei i s  t h e  s i t e  of a  
loca l  gravi ty  low. The bes t  in te rpre ta t ion  of t h e  Wairakei high possibly 
l i e s  somewhere between these  two a l t e rna t ives ,  i n  t h a t  t h e  dens i t i es  of 
bore-121 a r e  higher than "normal" and the  dens i t i es  of bore-227 a r e  
lower than "normal". "Normal" r e f e r s  here t o  t he  Wairakei density with 
depth curve developed from a l l  t he  Wairakei data as discussed i n  chapter 4. 
8.1.3 Mangakino-Maroa-Kaingaroa pro f i l e  
Fig. 8.3(a) and (b)  show in te rpre ta t ions  of the ana ly t ica l  and 
modelled res idual  gravity anom.alies, respectively,  along B-B' of f i g .  8.1. 
This p r o f i l e  crosses  t h e  Mangakino seismic l i n e  of f i g .  5.13 almost 
a t  r i g h t  angles. Thus t h e  volcanic cover beneath Mangakino i n  both models 
of f i g .  8.3 conforms t o  the  dens i ty  s t r u c t u r e  previously deduced from the  
observed seismic v e l o c i t i e s .  Elsewhere along t h e  p r o f i l e  the  volcanic  
cover is  taken t o  be t h e  same a s  t h a t  used f o r  the  Tihoi-Wairakei- 
Kaingaroa p r o f i l e ;  t h a t  is ,  2 km t h i c k ,  wi th  an average dens i ty  c o n t r a s t  
of -0.4 Mg/m3. 
Comparison of  t h e  two models i n  f i g .  8.3 reveals  t h a t  t h e  magnitude 
of  t h e  mass anomaly beneath seismic basement t h a t  i s  required t o  expla in  
t h e  Mangakino g rav i ty  low is  s u b s t a n t i a l l y  l e s s  f o r  the  modelled r e s i d u a l s  
(model b )  than f o r  a n a l y t i c a l  r e s idua l s  (model a ) ;  anomalous masses 
3 
of -90x10 kg and -224x10 kg a r e  required respec t ive ly .  Furthermore i n  
model b )  the  Mangakino low can be accounted f o r  by a mass anomaly of 
dens i ty  2.48 ~ g / m ~ ,  o r dens i ty  con t ras t  -0 -12 ~ g / m ~ ,  extending from 
seismic basement l e v e l  t o  a depth of 8 km. A rock of t h i s  dens i ty  
s a t i s f a c t o r i l y  accounts f o r  t h e  4.8 km/s v e l o c i t y  de tec ted  a t  depth of  
2.2 km beneath t h e  Mangakino seismic l i n e ;  t h i s  ve loc i ty  being lower 
than those found a t  a s i m i l a r  depth f o r  t h e  Taupo and Rotoehu surveys 
(chapter  5) . 
Whether o r  n o t  t h e  proposed 2.48 ~ g / m ~  mass anomaly represents  
s o l i d i f i e d ,  p a r t i a l l y  molten o r  even molten magma is  uncertain.  Rhyoli te  
d e n s i t i e s  vary from 2.05 ~ g / m ~  f o r  r h y o l i t e  i n  t h e  molten s t a t e  
( sec t ion  5 -4 - 6 )  , t o  2 -50-2.59 Mq/m3 f o r  t h e  cooled p lu ton ic  equivalent  
o f  t h e  r h y o l i t i c  volcanic rocks found wi th in  t h e  Centra l  Volcanic Region 
( s e c t i o n  4.2.1). A f u r t h e r  p o s s i b i l i t y  i s  t h a t  t h e  2.48 ~ g / m ~  d e n s i t y  
represents  molten andes i t e ;  Murase & McBirney (1973) show from 
experimental work t h a t  andes i t e  g lass  with a dens i ty  of 2.59 Mg/m3 a t  
room temperature has a dens i ty  of  2.45 Mq/m3 a t  a temperature of 1000°C. 
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Fig. 8.3 Mangakino-Maroa-Kaingaroa profile (B-B' of fig. 8.1). As 
for fig. 8.2 and the numbers in brackets representing the 
strike lengths out of and into the plane of the profile 
respectively. The section of low-density, low-velocity 
volcanic rocks at Mangakino is constrained to conform to 
the density model as interpreted from the Nangakino 
refraction survey. Datum level is 300 m A.S.L. All densities 
and density contrasts in ~ g / m ~ .  
Clearly t h e  non-uniqueness of gravi ty  inversions and our incomplete 
knowledge of d e n s i t i e s  f o r  various no l t en  rocks m i l i t a t e s  aga ins t  any f irm 
conclusions being drawn from t h e  gravi ty  i n t e r p r e t a t i o n  models alone.  
However, o ther  d a t a  r e l evan t  t o  the  cause of  t h e  Manqakino gravi ty  low 
were discussed i n  s e c t i o n  5.4.6 and may be  b r i e f l y  r e i t e r a t e d .  
a )  An e l e c t r i c a l  conductivi ty anomaly (Midha, 1979) ( f i g .  5.19) 
i s  coincident  with t h e  Mangakino gravi ty  low; Midha suggests t h a t  t h e  
existence of t h i s  conductivi ty anomaly lends q u a l i t a t i v e  support t o  the re  
being molten magma beneath Mangakino . 
b)  The s t r a t i g r a p h i c  mapping of Blank (1965) suggested t h a t  t h e  
source vent f o r  some of t h e  e a r l i e s t  and l a r g e s t  ignimbri te  shee t s  
erupted from t h e  Centra l  Volcanic Region i s  s i t u a t e d  near Mangakino. 
Dating of these  ignimbri tes  reveals  an age of 0.7-1.1 My. Furthermore 
t h e r e  is a topographic depression i n  t h e  Mangakino area  d e s p i t e  an 
unusually l a r g e  th ickness  of Whakamaru ignimbri te .  This ignimbri te  was 
erupted about 0.33 My BP from the  Taupo Volcanic Centre t o  t h e  southeas t  
of Mangakino (Briggs, 1976) ; Cole (1981) suggests  t h a t  t h e  topographic 
depression could rep resen t  a caldera-collapse s t r u c t u r e  associa ted  wi th  
an o ld  r h y o l i t i c  cen t re .  
The prefer red  i n t e r p r e t a t i o n  of t h e  Mangakino gravi ty  low i s  t h a t  
it i s  an expression o f  a now p a r t i a l l y  cooled a c i d i c  magma body which 
erupted during t h e  period 0.7 t o  1.1 My BP t o  produce t h e  extensive 
ignimbri te  deposi t s  found on and adjacent  t o  t h e  western margin of t h e  
Central  Volcanic Region. However, it may b e  r e c a l l e d  from t h e  d iscuss ion 
i n  sec t ion  5.4.5 t h a t  t h e  cooling models of Lachenbruch e t  a l .  (1976) 
show t h a t  f o r  a magma body which was s i m i l a r  i n  dimensions t o  t h a t  shown 
i n  f i g s  5.18 and 8.3 t o  be  s t i l l  molten would requ i re  t h a t  t h e r e  has 
been r e i n j e c t i o n  of hea t  wi th in  t h e  l a s t  0.2-0.4 My. Therefore, i n  view 
of the  apparent southeastward migration of both andesi t ic  and rhyo l i t i c  
volcanism across t he  Central Volcanic Region (Kear, 1959; Cole, 1979), 
the  proposed presence of subsurface magmatic a c t i v i t y  a t  the  western 
margin of t he  Region would seem t o  be highly anomalous. 
Imed ia t e ly  eas t  of the  Mangakino low the  t raverse  cuts  across 
the  southern end of the  c i rcu la r  Tokoroa high. Rogan (1980) ascribed 
t h i s  gravity high t o  a greywacke basement high. An equally plausible  
explanation, pa r t i cu la r ly  as t he  gravi ty  high i s  associated with minor 
magnetic anomalies (Whiteford, 1976), i s  t h a t  the  Tokoroa high represents 
a buried andesi te  massif. About 60 km t o  the  northeast  of Tokoroa i s  
t he  Te Puke gravi ty  high ( f i g .  8 .1) .  This gravity high does cor re la te  
with outcropping andesite,  ye t  l i k e  t he  Tokoroa high it has only minor 
magnetic expression. 
A densi ty  of 2 .5  ~ ~ / m ~  was chosen t o  represent the  proposed 
andesite massif; t h i s  i s  somewhat l e s s  than t he  mean density of 
andesites found within the  adjacent Coromandel region (Chapter 4 ) .  
However, the  lower density used here takes account of the  f a c t  t h a t  
andesite volcanoes l i k e  M t  Ruapehu occur i n  a s t ra tovolcanic  formation 
with a l t e rna t i ng  layers  of low-density breccia and higher-density lava. 
To t h e  ea s t  of the  Tokoroa high i s  a l oca l  gravity low associated 
with the  Maroa Volcanic Centre. No seismic o r  deep-borehole data  i s  
avai lable  from t h i s  area,  I f  it is  assumed t h a t  the  top 2 km of volcanic 
cover is much the  same here as  t h a t  beneath t he  Wairakei-Tihoi region 
then a deeper low-density mass anomaly, s imilar  t o  t h a t  postulated a t  
Mangakino, is  required, However, t he r e  appears l i t t l e  j u s t i f i c a t i on  fo r  
extrapolating the  Taupo re f rac t ion  r e s u l t s  northwards, and it i s  possible 
t h a t  the  l oca l  gravity low i s  due t o  e i t he r  a deeper o r  a l e s s  dense 
sequence of volcanic cover. More seismic work i s  required here.  
8 .l .4 Karapiro-Te Puke-Whakatane p ro f i l e  
Fig. 8 - 4  (a)  i s  a f i r s t -o rder  in te rpre ta t ion  of t h e  modelled 
res iduals  along the  p r o f i l e  C-C'-C" of f i g .  8.1. ~ e s p i t e  the obvious 
short-wavelength differences between the  calculated and observed 
anomalies, the  overal l  f i t  i s  considered reasonable. Note t ha t  the  
calculated gravity i n  t he  middle of the  p r o f i l e  i s  about -150 pN/kg whereas 
i n  the  middle of the  Tihoi-Wairakei-Kaingaroa p r o f i l e  the  calculated 
gravi ty  i s  -300 PN/kg. This d i f ference can be understood by considering 
t h a t  a s  the  Central Volcanic Region widens t he  gravity e f f ec t  of t he  
proposed shallow, low-density mantle becomes more prominent, Indeed, 
because t he  model i s  a loca l ly  compensated one, as  the  density model of 
f i g .  8.4(a) becomes i n f i n i t e l y  wide the  calculated gravity i n  the  centre  
of the  p r o f i l e  w i l l  approach zero. This e f f ec t  explains,  i n  par t ,  why 
t h e  observed residual  gravity anomalies a t  Taupo and Rotoehu d i f f e r  
by 250 pN/kg ye t  the  seismic veloci ty  sections a t  these  two l o c a l i t i e s  
a r e  s imilar  (Chapter 5) . 
Model b) of f i g .  8.4 i s  an attempt t o  modify t h e  f i r s t -o rder  
i n t e rp re t a t i on  fo r  the  observed var ia t ion i n  t h e  surface  geology along 
the  p ro f i l e .  The dashed l i n e  a t  a depth of 2 km along most of the p r o f i l e  
s i g n i f i e s  the  depth where density contras ts  a r e  assumed t o  vanish; it 
i s  not  intended t o  imply t h a t  t he  respective l i t ho log i ca l  uni ts  terminate 
a t  t h i s  depth. 
A t  the  western margin the  p r o f i l e  passes across t he  southern 
extension of the  Hauraki R i f t .  Here Hochstein & Nixon (1979) have 
ca r r ied  out  geophysical s tudies  and t h e  density contras ts  used i n  model b )  
( f i g .  8.4) a r e  adopted from t h e i r  models. The p r o f i l e  then crosses t h e  
Kaimai range which has only a minor g rav i ta t iona l  expression. A l a rge  
rhyo l i t e  dome outcrops here;  hence the  density of 2.35 ~ ~ / m ~  used i n  t h e  
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Fig. 8.4 Karapiro-Te Puke-Whakatane p r o f i l e  (C-C'-C" of f i g .  8 .1) .  
The top  model i s  a  f i r s t  order  so lu t ion  t o  the  modelled 
res idua l s .  The lower model i s  s imi la r  bu t  modified f o r  the  
various geologica l  s t r u c t u r e s  observed along t h e  p r o f i l e .  
The dashed l i n e  a t  a  depth of about 2 km s i g n i f i e s  t h e  depth 
a t  which t h e  dens i ty  c o n t r a s t s  a r e  assumed t o  vanish. A l l  -- 
d e n s i t i e s  i n  ~ ~ / m ~  and datum l e v e l  is sea  l e v e l .  
model. Further east is the broad Mamaku Plateau. The geological cross- 
section of Healy et al. (1964) suggests a 500 m thick section of ignimbrite 
here, but it is evident from the gravity data that the thickness of low- 
density volcanics required is about 2 km. 
At Te Puke an elliptically-shaped gravity high is coincident with 
outcropping andesite and a weak magnetic anomaly as discussed previously. 
As for the Tokoroa gravity high a density of 2.5 ~ ~ / m ~  is used to model the 
andesite. Between Te Puke and the greywacke outcrop near Otamarakau a 
2 km thickness of low-density rocks is required and this depth is in 
approximate accordance with the results of the Rotoehu seismic survey. 
A 1.8 km thickness of low-velocity rock was interpreted along the Rotoehu 
seismic line, but the line ran due south from the greywacke outcrop, 
orthogonal to, but not crossing the gravity interpretation profile. 
East of the Otamarakau greywacke outcrop, but west of the Whakatane 
Graben, the surface geology is varied, consisting Largely of ignimbrite, 
marine sandstones with a small outcrop of andesite. The density of 
2.4 Mg/m3 that is used here implies that the andesite may have a larger 
sub-surface extent than the small surface outcrop would suggest. 
On the eastern margin of the profile lies the Whakatane Graben 
(Healy et al. 1964). Bounded on the west by normal faults and on the 
east by a complex set of intersecting north-south transcurrent and north- 
east normal faults, the Whakatane Graben is considered by Healy et a l .  to 
represent the northward continuation of the Taupo Volcanic Zone. In order 
to account for both the magnitude and gradients of the gravity anomaly 
observed here a lower average density of 1.95 Plg/rn3 is postulated for the 
top 1 km of low-density rocks. Other explanations are, however, possible; 
in particular it could be that the low-density rocks are thicker than the 
2 km indicated. 
The e s s e n t i a l  po in t  t o  be noted from t h i s  p r o f i l e  analys is  is 
t h a t ,  a p a r t  from l o c a l  outcrops of higher dens i ty  rocks a t  Te Puke and 
Otamarakau, t h e  2 kn? t h i c k  sec t ion  of low-density rocks is almost continuous 
r i g h t  across  the  Centra l  Volcanic Region. Furthermore the  observation t h a t  
t h e  a n a l y t i c a l  r e s i d u a l s  decrease towards t h e  north-end of the  Central  
Volcanic Region, y e t  t h e  seismic ve loc i ty  sec t ions  a t  Rotoehu and Taupo 
a r e  s imi la r ,  i s  l a r g e l y  explained by t h e  g rav i ty  e f f e c t  of t h e  proposed 
low-density, shallow mantle becoming more prominent a s  the  Region widens. 
8.1.5 Summary of the  p r o f i l e s  
I n  t h i s  sec t ion  two methods of i n t e r p r e t i n g  gravi ty  p r o f i l e s  
ac ross  the  Central  Volcanic Region have been demonstrated. The d i f fe rence  
between t h e  two methods l i e s  i n  t h e  manner i n  which t h e  background 
regional  f i e l d  was determined; e i t h e r  an a n a l y t i c a l l y  determined regional  
f i e l d  o r  a  regional  f i e l d  which is  modelled d i r e c t l y .  The statement 
made i n  Chapter 3 t h a t  no regional  f i e l d  i s  unique s t i l l  stands,  and 
t h e r e  i s  l i t t l e  mer i t  i n  p lac ing a r i g h t  o r  wrong l a b e l  on e i t h e r  of 
t h e  two methods j u s t  discussed,  However, t h e  i n t e r p r e t a t i o n s  based on 
t h e  modelled res idua l s  a r e  p re fe r red ,  pr imar i ly  because a l l  components 
o f  t h e  g rav i ty  anomaly f i e l d  a r e  explained and fea tu res  such a s  t h e  
secondary res idua l  g rav i ty  lows a t  Mangakino and Taupo can be  accounted 
f o r  with physica l ly  t enab le  models. 
8.2 Pet ro logica l  models f o r  the  Centra l  Volcanic Region 
8.2.1 In t roduct ion  
The dens i ty-veloci ty  model f o r  t h e  Cen t ra l  Volcanic Region, a s  
derived from t h e  d a t a  and i n t e r p r e t a t i o n s  presented i n  t h i s  s tudy,  is  
summarised i n  f i g .  8.5. This is  a simple r ep resen ta t ion  of the  Region i n  
terms of i sodens i ty  and i sove loc i ty  l aye r s  and, a p a r t  from t h e  top  2 km of 
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Fig.  8.5 A summary of the  c r u s t a l  s t r u c t u r e  model f o r  t h e  Central  Volcanic Region as  derived 
from the  seismic and g rav i ty  inves t iga t ions  of t h i s  study. The two proposed 
pe t ro log ica l  models shown on t h e  r i g h t  a r e  discussed i n  sec t ion  8 .2 .  
the Region which has been investigated by bore holes, the petrological 
characteristics of the various layers are unknown. In particular the 
nature of the 2.60 ~ g / m ~  "basement" layer still remains unknown, yet is 
of great interest. For example in the continental rift situation where 
thin crust, higher than normal heat-flow and extensional tectonics are 
observed, a mechanical model often favoured is one of plastically 
attentuated lower crust and brittley fractured upper crust 
(Artemjev & Artyushkov,l971; McKenzie, 1978). If this model were applied 
to the Central Volcanic Region, basement rocks would be greywacke that has 
been extended and thinned without actually rupturing. Alternatively, 
basement rocks could be intruded igneous rocks as suggested by Calhaem (1973). 
Either rock type is consistent with the gravity models and seismic 
data presented so far in this study. Magnetic anomalies are of limited 
use as a discriminator because of the demagnetisation effects of hydro- 
thermal activity, the shallow Curie Point isotherm (chapter 6) and the 
dominating effect of near surface rhyolite domes. Similarly, electrical 
sounding methods made within the Central Volcanic Region have proved 
incapable of unequivocally differentiating between basement rocks of an 
igneous or sedimentary affinity (Hurst, 1975). 
The one geophysical parameter that has not been considered as yet 
is the anomalously high heat output of the Region. In this section 
petrological models implied by two previously proposed heat flow models 
for the Region will be discussed, and their compatability, or otherwise, 
with the density-velocity model of fig. 8.5 will be assessed. 
8.2.2 Model 1 - Banwell's model 
Banwell (1963) gave consideration to the idea of circulating magma 
at a depth of about 9 km beneath the Region supplying heat via a thin 
conducting layer to convecting meteoric water within the upper crust. 
He found that the observed natural heat flow of the ~au~o-~airakei area 
could be explained by a circulating magma chamber, at a depth of about 
9 km, if the top side of the magma chamber has an area of 227 km2 and is 
separated from the convecting meteoric water by a 0.5 km thick conducting 
shell. The crucial assumption in this model being that the upper 8.5 km 
of crust is sufficiently permeable to allow for the free convection of 
meteoric water between the surface and the top side of the conducting 
plate. 
The gravity models of chapter 7 and section 8.1, and the seismic 
data of appendix F, suggest that a low-velocity, and therefore low-density, 
upper mantle exists at a depth of about 15 km beneath the Central Volcanic 
Region. A possible explanation for this anomalous upper mantle is that 
it is slowly convecting asthenospheric material at a temperature of about 
llOO°C. For example the numerical models of Andrews & Sleep (1974) 
suggest that convecting asthenosphere at this temperature will be present 
beneath a back-arc basin, at a depth of 10-20 km, after a period of 
about 10 My since the inception of subduction. If this is so, and 
assuming that the circulating asthenosphere is delivering heat to a 
conducting plate of area 5000 km2 (the proposed area of hydrothermal 
convection - section 2.2.61, the required thickness of the plate can be 
calculated. Taking the temperature drop across the plate as being 8 0 0 ~ ~  
(i.e. 1100-300~~), and the thermal conductivity of the plate as being 
1.5 w/mOc, then a 1.7 km thick conducting layer would be required to 
maintain the average heat flow of 0.7 w/m2. However, for this heat flow 
model to be acceptable it must be assumed that the upper 13 km of crust 
for the Region is sufficiently permeable to allow for the free convection 
of meteoric water to act as an efficient heat transfer mechanism. 
Banwell was also troubled by this aspect of the circulating magma 
beneath a hot plate model. He noted "...it would be quite insufficient 
for surface water to percolate down faults to a few parts of this area 
and return to the surface up the same or other faults." Thus, although 
there is an element of uncertainty about this model, it cannot be 
dismissed out of hand until more data is available pertaining to the 
possibility, or otherwise, of the movement of meteoric water through the 
upper crust of the Central Volcanic Region. 
With this model the 2.60 ~ ~ / m ~  "basement" layer would be greywacke, 
of a slightly lower density than normal for the 2-10 km depth range, 
and the genesis of the rhyolitic rocks can be explained by partial melting 
at the base of the 15 km thick crust. 
8.2.3 Model 2 - Calhaem's model 
The simple idea of supplying heat to the geothermal areas by a 
series of intrusions was rejected by Banwell (1963) on the grounds that 
the required volume of intrusives would be too large; it being assumed 
that the Region was underlain by sedimentary rocks at a depth of 2 km. 
However, Calhaem's (1973) plate tectonic model for the development of 
the Central Volcanic Region implies that it is the cooling of andesitic 
or basaltic rock, intruded into the Region as an accompaniment to 
spreading, that provides the necessary heat. He suggests that the 
spreading is one sided, or asymmetric, with the present day intrusion 
occurring along the eastern boundary of the Taupo Volcanic Zone. Under 
this scheme molten rock will be at a comparatively shallow level at the 
eastern boundary and the cooled magmatic crust will thicken to the west; 
a scheme which has since received support from an interpretation of 
microearthquake data (Evison et aZ.,19761. Calhaem accepts the   rev ailing 
view, exemplified by the work of Ewart & Stipp (1968), that the rhyolitic 
rocks have resulted from a partial melting of Mesozoic greywacke rocks. 
Because Calhaem's model precludes the existence of a continuous 
greywacke basement beneath the Region, he suggests that the rhyolites 
result from a partial melting of greywacke blocks that have become 
detached from the Hawke Bay proto-plate (see section 2.1.4) at the 
eastern margin of the Central Volcanic Region. 
Although Ewart & Stipp (1968) specifically propose that the parent 
rock for the rhyolites be the marginal facies greywacke, then thought 
to be only found on the western side of the Region, recent geochemical 
work (Reid, 1982) has identified marginal facies greywacke on the 
eastern side of the Region. Hence, Calhaem's model does not appear to 
conflict with the geophysical or geochemical evidence, although no 
attempt was made by Calhaem to quantify his proposal. In particular, 
it should be noted that his proposal involves the partial melting of 
greywacke blocks at upper crustal levels, and therefore the intruded magma 
must be of a sufficient volume to supply enough heat to maintain the heat 
output over geological time scales, and in addition, sufficient heat to 
partially melt the greywacke blocks so as to produce the observed volume 
of erupted rhyolitic rocks. 
Spreading within active oceanic back-arc basins is accompanied by 
the intrusion of basalt to form new oceanic crust (~arig, 1971; Lawver & 
Hawkins, 1978); the basalt is thought to be derived from the hydration 
and partial melting of upper mantle material (Ringwood, 1977). For the 
Central Volcanic Region where the solid surface is above sea level, and 
the characteristic gravity anomaly pattern consists of a deep central low 
with flanking gravity highs, the idea of vast volumes of high density, 
cooled basalts within the top 10 km of the crust appears doubtful. For 
example, Daly a2 a l .  (1966) give the mean density of 40 typical basalts 
to be 2.94 ~ ~ / m ~ ,  and basalts from the Taupo volcanic Zone have mean wet 
and particle densities (table 8.1) of 2.62 and 2.94 Mg/m3 respectively. 
The large difference between these latter two figures, and hence the 
implied high porosity, can be explained by the highly scoriaceous 
character of these basalts; a characteristic which is thought to be 
acquired as the rising basaltic magma comes into contact with the water 
saturated volcanic rocks near the surface (Cole, 1979). 
Table 8.1 Densities of some New Zealand volcanic and 
igneous rocks 
Rock type Mean Density (Mg/m3 ) - n Data source 
wet particle 
T .V .Z. andesite 2.54 2.62 57 Whiteford & Lumb (1975) 
T.V.Z. granodiorite 2.50 2.59 5 Chapter 4 
Fiordland granites 2.62 2.66 15 Hatherton & ~eopard 
(1964) 
T.V.Z. = Taupo Volcanic Zone 
n = number of samples 
Unless basalt can exist in a highly scoriaceous, and therefore highly 
porous, form at depths greater than 2 km, it appears necessary to propose, 
within the context of Calhaem's plate tectonic model, that the intruded 
igneous rocks are of a medium density. The densities listed in table 8.1 
suggest that an andesitic rock or a granite-granodiorite would suffice. 
Note that the rock listed as Taupo Volcanic Zone andesite in table 8.1 
would, when cooled, presumably constitute a diorite. Dioritic rocks are 
generally more dense than andesites (Daly et a l . ,  19661, however, 
intruded andesitic rock that has been extensively leached and altered 
by hot hydrothermal waters may well become less dense than the original 
andesite (Cheng, 1976; see section 4.2.3). 
Under this intrusion hypothesis the 2.60 Mg/m3 "basement" layer 
can be ascribed to intruded andesitic rock derived by either partial 
melting and fractionation of upper mantle material (Ringwood, 1977), or 
from a partial melting of oceanic crust and assimilated sediments on the 
subducted plate (Cole, 1979). The rhyolitic rocks are, as suggested 
by Calhaem (1973), considered to be derived from a partial melting, at 
upper crustal levels, of detached greywacke blocks. 
The 15 km depth to a transition from crust to low-density upper 
mantle, as inferred from the gravity model in Chapter 7, was corroborated 
by the seismic work discussed in appendix F. However, no uniqueness is 
claimed for the densities of 2.75 and 3.02 Mg/m3 (fig. 8.5) used on either 
side of this boundary. Nevertheless, a higher density than 2.60 Mg/m3 
within the lower crust is required to satisfy the gravity'data, and an 
explanation for this lower crustal layer may be obtained by giving 
consideration to the partial melt process that the greywacke rocks are 
thought to undergo in order to produce the rhyolitic volcanics. Recent 
work on greywacke melts by Reid (1982) suggests that a 35% partial melt, 
by volume, will produce, in a chemical sense, the best fit rhyolite; 
a higher density, refractory residue will remain. Hence, to a first 
approximation, for every unit volume of rhyolite produced in the partial 
melt process, two unit volumes of residue will also be produced. 
Accordingly, the 5 km thick 2.75 ~ ~ / m ~  layer in the density model shown 
in fig. 8.5 is attributed to the refractory residue produced in the partial 
melt process. 
8.2.4 Summary of the petrological models 
Two distinctly different petrological models for the Central Volcanic 
Region have been discussed in this section. The first is based upon a 
heat source in the form of convecting asthenospheric material, at a 
depth of 15 km, supplying heat to the Region via a thin conducting shell 
to convecting meteoric water within the upper crust. With this model 
the crustal rocks may be considered to be predominantly greywacke that 
have been extended and thinned by back-arc tensional forces. The second 
model involves a heat source in the form of mantle-derived andesitic 
magma that has been intruded at the eastern margin of the Region as an 
accompaniment to back-arc spreading. 
Neither of these two models is entirely free of doubtful or 
unattractive features. The first model is dependent on greywacke rocks, 
to a depth of about 13 km, being sufficiently permeable to allow for 
the free convection of meteoric water to act as an efficient heat transfer 
mechanism. On the other hand, the second model is dependent on there 
being sufficient heat available from a continuous 8 km thick layer of 
intruded rock beneath the Region to i) maintain the heat output of the 
geothermal systems over geological time scales, and ii) partially melt 
a sufficient volume of greywacke rocks so as to produce the required 
volume of rhyolitic volcanics. 
It would appear, therefore, that as the classical geophysical 
methods are limited in their ability to resolve a satisfactory petrological 
model for the Central Volcanic Region, a more effective way of obtaining 
constraints on the problem would be to carry out thermal modelling to 
test one, or both, of the models discussed above. This is a topic that 
goes beyond the scope of this study and consequently will not be attempted 
here. 
8.3 Discussion: passive extension o r  ac t ive  spreading? 
I t  was the  contention of Calhaem (1973) t h a t  the Central Volcanic 
Region i s  a s i t e  of ac t ive ,  asymmetric spreading accompanied by igneous 
in t rus ion  a t  the  eas tern  boundary of the  Region. His proposal is based 
la rge ly  on the  following evidence: 
i) The extraordinar i ly  high heat  output of the Region which 
cannot be explained by conductive heat  t r ans f e r  through the c rus t  alone. 
ii) The asymmetric d i s t r i bu t i on  of geothermal f i e ld s  within t he  
Region ( f i g .  8.6) and the  tendency fo r  the  f i e l d s  t o  young t o  the ea s t .  
iii) The apparent, rapid  migration of the  andesite axis across 
the  Central Volcanic Region during t he  period 4 My BP t o  the  present 
( f i g .  8 .6) .  
i v )  The marked change i n  surface geology across the  boundaries 
of the  Central Volcanic Region (see  sect ion 2.1.4). 
The pr incipal  contribution of the  present study t o  t h i s  question 
i s  t h a t  the  posi t ion of Calhaem's 4 and 0 My boundaries ( f i g .  8.6) 
coincides with a subsurface boundary, which from gravi ty  (chapter 7) 
and seismic (appendix F) evidence i s  in fe r red  t o  separate  t h i n  c ru s t  
and low-density upper mantle within the  Central  Volcanic Region from 
a higher density upper mantle and thicker  c r u s t  i n  the  areas t h a t  f lank 
the  Region, The occurrence of a shallow low-density upper mantle 
beneath the Region, which could be equated with a low-density "thermal 
mantle diapir"  t h a t  Karig (1974) proposes t o  be the  driving force behind 
t he  formation of back-arc bas ins ,  strengthens t h e  proposal of Calhaem - 
although cannot be taken a s  evidence t h a t  unequivocally confirms it. 
Anomalously t h i n  c r u s t  underlain by a low-velocity upper mantle 
i s  a fea ture  a l so  associated with continental  r i f t s  and ens i a l i c  back-arc 
bas ins  where extension, bu t  not  necessari ly ac t i ve  spreading, i s  thought 
t o  be  occurring. This point  i s  demonstrated by t h e  comparison presented 
Fig. 8.6 Map showing the  asymmetrical d i s t r i b u t i o n  of  geothermal Fie lds  
and low-potash andes i te  ages wi th in  the  Central  Volcanic Region. 
The down flow region shown here  i s  s imi la r  t o  t h a t  proposed by 
A l l i s  (1979) (sec t ion  2.2.6) and i s  based on the  thxee measurements 
of zero geothermal gradient  loca ted  wi th in  t h e  Centra l  volcanic  
Region bu t  west of the  a c t i v e  g e o t h e r ~ a l  areas.  The 4 and 0 My 
boundaries a r e  those suggested by Calhaem (19731 and coincide 
with those of t h e  Central  Volcanic Region ( sec t ion  2.2.1).  The 
2 My boundary i s  suqgested here  on t h e  b a s i s  of t h e  da ta  displayed. 
i n  t ab le  8.2. Here various geophysical cha rac t e r i s t i c s  of the Central 
Volcanic Region a r e  compared with those of three  o ther  ens i a l i c  back-arc 
basins for  which the  re levant  geophysical data a r e  avai lable ;  these 
other  basins a r e  in te rpre ted  (Hovarth e t  a l . ,  1975, 1981; McKenzie, 1978) 
t o  be extensional i n  o r ig in  ye t  without ac tua l ly  being i n  a s t a t e  of 
ac t ive  spreading accompanied by t he  in t rus ion and creat ion of new 
li thosphere.  
From t ab l e  8.2 it can be seen t h a t  although the  charac te r i s t i cs  of 
anomalously t h in  c ru s t  and a low-velocity upper mantle is  common t o  a l l  
t he  back-arc basins l i s t e d ,  the  average heat  flow estimate for  the  
Central  Volcanic Region i s  subs tan t ia l ly  higher than t h a t  fo r  t he  other 
basins. Some caution should be exercised, however, when it comes t o  
making comparisons between these heat  flow estimates,  because i) the  ages 
of the  various basins d i f f e r ,  and ii) the average hea t  flow estimate f o r  
the  Central  Volcanic Region i s  based on the  measured convective heat  
flow, whereas estimates f o r  the  other three  basins a r e  based on 
measurements of conducted heat .  Nevertheless, it i s  notable t h a t  although 
the  average heat  flow estimate f o r  the  Central Volcanic Region i s  several  
times l a rger  than t h a t  f o r  the  other  back-arc bas ins  l i s t e d  i n  t ab l e  8.2, 
t he  hea t  output per km of s t r i k e  length of volcanic zone i s  on a par  with 
t h a t  f o r  the ac t ive  spreading centre  of Iceland ( sec t ion  2.2.6). Thus 
on t he  bas i s  of t h i s  observation, coupled with those of Calhaem (1973) 
outl ined a t  the  beginning of t h i s  sect ion,  t h e  most promising evolutionary 
model f o r  the  Central  Volcanic ~ e q i o n ,  considered here ,  i s  one of ac t ive  
asymmetric spreading accompanied by the  in t rus ion  of mantle derived igneous 
rocks a t  the  eastern boundary of the  Region. The quan t i t a t ive  t e s t i ng  
of t h i s  spreading proposal, however, must await an attempt a t  some 
de ta i l ed  thermal modelling, 
Table 8.2 A comparison of geophysical c h a r a c t e r i s t i c s  
f o r  some e n s i a l i c  back-arc basins 
Crus ta l  thickness P n Heat f low Age of 
(cont inenta l  norm (cont inenta l  (cont inenta l  o l d e s t  
= 30-40 km) norm = norm = volcanism 
8.1  km/s) 60 mw/m2) (My) 
Basin & Range* 25-30 7 -7-7.9 9 0 
(U.S .A.)  
Pannonian BasinX* 25 
(Mediterranean) 
Agean** 
(Mediterranean) 
Central  Volcanic 
Region 15  
(New Zealand) 
* Data from Scholz et al. (1971) and ~ o l l a c k  & Chapman (1977) 
** Data from Hovarth et a l .  (1975, 1981) 
***  The upper bound of  700 mw/m2 f o r  t h e  Centra l  Volcanic Region 
i s  based on assuming t h a t  t h e  average hea t  flow f o r  t h e  eas tern  
hal f  of t h e  Region is t h e  average f o r  t h e  whole Region. The 
lower bound of 350 mw/m2 assumes t h a t  t h e  hea t  output of 
3 .5x109 W from t h e  eas tern  hal f  of t h e  Region represents  t h e  
t o t a l  hea t  output  of the  Region i .e .  3 .5x109 W/10000 km2 = 350 mw/m2 
( see  sec t ion  2.2.6). 
CHAPTER 9 SUMMARY AND CONCLUS IONS 
The conclusions of t h i s  t h e s i s  a r e  presented i n  two p a r t s .  
F i r s t l y ,  work concerning t h e  s t r u c t u r e  of t h e  Central  Volcanic Region 
i s  surnrr.arised. Secondly, some impl ica t ions  of t h e  regional  gravi ty  
ana lys i s  a r e  discussed and suggestions made f o r  fu tu re  work. 
9.1 Near su r face  s t r u c t u r e  of t h e  Centra l  Volcanic Region 
The bore hole da ta  analysed i n  chapter  4 provided important 
information on severa l  counts, The da ta  showed t h a t  appreciable l a t e r a l  
v a r i a t i o n s  i n  dens i ty  wi th in  t h e  t o p  1 km of volcanic cover can occur, 
and these  v a r i a t i o n s  a r e  capable of producing gravi ty  anomalies t h a t  
might otherwise be in te rp re ted  i n  terms of "basement r e l i e f " .  The 
bore hole  da ta  a l s o  showed a s i g n i f i c a n t  increase  of dens i ty  with depth 
such t h a t  t h e  average dens i ty  of  t h e  volcanic cover i s  predic ted  t o  
3 
approach 2.60 Mg/m i n  the  depth range of  2-3 km. This dens i ty ,  and t h e  
depth range where it i s  predic ted  t o  occur,  a r e  cons i s t en t  with the  
seismic v e l o c i t i e s  of 4.8-5.5 km/s de tec ted  a t  depths of 1.8-2.2 km by 
the  seismic r e f r a c t i o n  experiments discussed i n  chapter  5. Hence a 
v a r i e t y  of i n t e r p r e t a t i o n s  f o r  t h e s e  "basement r e f r a c t o r s "  a r e  
poss ib le .  For example, it cannot b e  determined from t h e  seismic da ta  
alone i f  t h e  4.8-5.5 km/s v e l o c i t i e s  r ep resen t  a d i s t i n c t  l i t h o l o g i c a l  
boundary, compacted volcanics o r  in t ruded igneous rocks. The only bore 
hole t h a t  i s  coincident  with any of  t h e  r e f r a c t i o n  l i n e s ,  and a l s o  
went deeper than t h e  ca lcula ted  depth of  these  basement r e f r a c t o r s ,  was 
bore 121 a t  Wairakei; t h i s  hole terminated a t  a depth of  2.2 km i n  
andes i te  of  dens i ty  2 -65 ~ g / m ~ .  
It has been h i t h e r t o  assumed t h a t  t h e  Centra l  Volcanic Region 
i s  underlain by a continuous greywacke basement. Because of the  s i m i l a r i t y  
i n  dens i ty  and seismic ve loc i ty  f o r  greywacke, on one hand, and andes i t e ,  
compacted volcanics o r  intruded igneous rocks on t h e  o the r ,  g rav i ty  
and seismic methods a r e  of l imi ted  use i n  t h e  t e s t i n g  of  t h i s  assumption. 
The quest ion of what i s  t h e  predominant rock-type f o r  t h e  c r u s t  of t h e  
Centra l  Volcanic Region i s  possibly b e s t  answered by s t a r t i n g  from t h e  
viewpoint t h a t  whatever pe t ro log ica l  model is proposed, it must be 
cons i s t en t  with,  i) t h e  anomalously high hea t  output  of  t h e  Region and 
ii) t h e  c r u s t a l  th ickness  of  about 15 km, a s  deduced from the  g rav i ty  
and seismic work reported i n  t h i s  study. On t h i s  b a s i s ,  two extreme- 
case  models were suggested i n  chapter  8 t h a t  could be t e s t e d  by thermal 
modelling. 
A t  t h e  more d e t a i l e d  l e v e l  t h e  seismic r e f r a c t i o n  data  presented 
and discussed i n  chapter  5 has furnished some important s t r u c t u r a l  
information as  well  a s  providing important c o n s t r a i n t s  f o r  gravi ty  
i n t e r p r e t a t i o n s .  ~ n v e s t i g a t i o n s  about the  Otamarakau greywacke outcrop 
show it t o  be t h e  su r face  expression of an  approximately c i r c u l a r ,  f l a t  
topped and steep-sided block t h a t  is  surrounded by about 1.8 km of low- 
v e l o c i t y  volcanic rocks.  Although the  base of  t h e  block cannot be 
determined by seismic methods, t h e  unusual subsurface geometry of t h e  
block lends support t o  t h e  proposal of Calhaem (1973) t h a t  t h e  block i s  
allochthonous, 
To the  south of t h e  outcrop i s  1.8 km of  low-velocity, and 
the re fo re  low-density volcanic  rocks. This i s  an important f inding a s  
a previous r e s idua l  g r a v i t y  i n t e r p r e t a t i o n  (Rogan, 1980) had shown only 
0.25 km of low-density volcanic rocks here.  This discrepancy, i n  add i t ion  
t o  t h e  o v e r a l l  l a r g e  v a r i a t i o n s  between t h e  t h r e e  published r e s i d u a l  
gravi ty  anomaly f i e l d s  f o r  the  Region (Chapter 3)  emphasises t h e  
d i f f i c u l t y  i n  obta in ing a univue and a geologica l ly  meaningful r e s idua l  
gravi ty  anomaly f i e l d  f o r  the  Region by a n a l y t i c a l  means. The a n a l y t i c a l  
approach t o  t h e  separa t ion  of g rav i ty  anomaly f i e l d s  i n t o  regional  and 
res idua l  components is  useful  when deal ing  with narrow fea tu res  such 
as  s u p e r f i c i a l  sedimentary basins.  For t h e  Central  Volcanic Region, 
however, which is  100 km wide a t  i t s  northern end, and where a continuum 
of dens i ty  i r r e g u l a r i t i e s  i s  in fe r red  t o  e x i s t  from the  surface  down 
t o  l a r g e  depths, a c l e a r  wavelength separa t ion  between r e s i d u a l  and 
regional  gravi ty  anomalies may not  be poss ib le .  I n  order  t o  o b t a i n  a 
coherent s t r u c t u r a l  model f o r  the  Centra l  Volcanic Region it appears 
necessary t o  consider  a l l  components o f  t h e  observed g rav i ty  anomaly 
f i e l d  . 
A t  both Mangakino and Taupo second-order gravi ty  lows o f  about 
-100 pN/kg remained unexplained a f t e r  t h e  s e i s ~ i c a l l y  determined th ickness  
of low-velocity, low-density volcanic rocks ,  and t h e  g rav i ty  e f f e c t  of 
the  proposed s t r u c t u r a l  model f o r  t h e  c e n t r a l  North I s l and ,  were allowed 
f o r  (Chapter 8 ) .  These second-order, negative g rav i ty  anomalies were 
explained by d i s c r e t e  volumes of  negative dens i ty  c o n t r a s t  emplaced 
wi th in  the  seismic basement, The geologica l  i n t e r p r e t a t i o n  of these  
negative mass anomalies i s  t h a t  a t  Taupo it represents  a deep (7-9 km) 
body of molten r h y o l i t e ,  whereas a t  Mangakino t h e  low-density mass 
anomaly represents  a p a r t i a l l y  molten t o  cooled body of r h y o l i t e  i n  t h e  
3 depth range of 2.2-8 km. Given t h a t  some 14000 km of r h y o l i t i c  rocks 
have been erupted from t h e  Region i n  t h e  l a s t  1 My, t h e  exis tence  o f  
molten r h y o l i t e  a t  shallow c r u s t a l  depths poses no se r ious  geologica l  
problems. However, i n  view of the  genera l ly  held b e l i e f  t h a t  magmatic 
a c t i v i t y  wi th in  t h e  Region has migrated southward and eastward wi th  
time (Kear, 1959; Calhaem, 1973) t h e  poss ib le  occurrence of molten 
magma beneath Mangakino, a t  t h e  western margin of t h e  Centra l  Volcanic 
Region, remains an enigma. 
9.2 Regional gravi ty  ana lys i s  o f  t h e  c e n t r a l  North I s l and  
The regional  model presented i n  chapter  7 represents  t h e  f i r s t  
q u a n t i t a t i v e  attempt t o  explain t h e  three-dimensional g rav i ty  anomaly 
p a t t e r n  associa ted  with t h e  c e n t r a l  North Is land.  The model is  a 
f i r s t - o r d e r  one i n  t h a t  t h e  p r i n c i p a l  cons t ra in t  on t h e  model i s  t h a t  
it be  an equil ibrium one. However, desp i t e  the  gross s impl ic i ty  of  
t h e  model it is  useful  i n  t h a t ,  a )  t h e  ca lcula ted  g rav i ty  e f f e c t  of 
the  model provides a reasonable f i t  t o  t h e  observed g r a v i t y  anomalies 
and, b) various s t r u c t u r a l  aspects  of  t h e  model provide q u a l i t a t i v e  
explanations f o r  the  v a r i a t i o n s  i n  t h e  observed hea t  flow and anomalous 
seismic p roper t i e s  f o r  the  upper mantle of t h e  c e n t r a l  North Is land.  
Important f ea tu res  of t h e  m-ode1 a re :  
(i) It p r e d i c t s  a c r u s t a l  thickness of  about 15 km f o r  t h e  
Centra l  Volcanic Region and 22-25 km f o r  t h e  northwestern North Is land;  
these  a reas  of anomalously t h i n  c r u s t  a r e  in fe r red  t o  be l o c a l l y  
compensated by low-densities wi th in  the  upper mantle. 
(ii) The p r inc ipa l  g rav i ty  anomalies of t h e  North Is land,  i n  
p a r t i c u l a r  t h e  650 pN/kg back-arc gravi ty  high over t h e  northwestern 
North I s l and ,  can simply be explained by g rav i ty  edge-effects associa ted  
with t h e  Egmont-Ruapehu-Opotiki and Centra l  Volcanic Region boundaries. 
(iii) The g rav i ty  e f f e c t  of  an excess mass associa ted  with the  
subducted p l a t e  i s  deduced t o  make only a minor con t r ibu t ion  t o  t h e  
observed back-arc gravi ty  high - about 120 of the  observed 650 pN/kg. 
( i v )  The tec ton ic  in te rpre ta t ion  of t he  regional model i s  t h a t  
t h e  western North Island,  north of the  Egmont-Ruapehu boundary, has 
been subjected t o  back-arc asthenospheric convection and associated 
l i thospher ic  and c ru s t a l  thinning s ince  a s  f a r  back a s  the  ear ly  Miocene. 
The extremely t h i n  c r u s t  and l i thosphere of t he  Central Volcanic Region 
i s  possibly the  d i r e c t  r e s u l t  of ac t ive  spreading and t he  creat ion of new 
c rus t  and l i thosphere,  South of t he  Egmont-Ruapehu boundary subduction 
i s  a t  a  comparatively juvenile s tage and it i s  accordingly inferred 
t h a t  back-arc convection has not had su f f i c i en t  time t o  thermally 
weaken and t h i n  the  l i thosphere.  
Hence, the  unusual s i t ua t i on  of highly three-dimensional gravi ty  
anomaly, heat  flow and upper mantle seismic a t tenuat ion pat terns  observed 
above a  two-dimensional subduction zone is  considered t o  be a  r e f l ec t i on  
of the  time-lag between t h e  onset of subduction, on one hand, and 
t he  i n i t i a t i o n  of back-arc asthenospheric convection and associated 
l i thospher ic  and c ru s t a l  thinning on the  o ther .  
The gravity anomalies of the  cen t ra l  North Island a r e  explained 
i n  t h i s  study by t he  anomalous gravity e f f ec t s  associated with t he  
following th ree  s t ruc tures :  t he  t h in ,  but  compensated, c ru s t  on t he  
concave, or  northwestern, s i de  of t h e  Egmont-Ruapehu-Opotiki boundary; 
t he  even thinner c ru s t  of the  Central Volcanic Region and the subducted 
pac i f i c  p la te .  I f  e i t he r  of the  f i r s t  two s t ruc tures  could be determined 
unambiguously by deep seismic sounding then t h e  remaining two could be 
resolved by the  gravi ty  i n t e rp re t a t i on  methods out l ined i n  chapter 7 .  
In  t h i s  regard the  preliminary r e s u l t s  of t h e  long-range re f rac t ion  
experiment reported i n  appendix F appear highly promising, and moreover, 
fu r ther  such seismic work within and west of t he  Central Volcanic Region 
i s  l o g i s t i c a l l y  feas ib le  providing su i tab le  deep-water shot points  can 
be found. 
Thus, t h e  North I s l and  of  New Zealand represents  an unusually 
good loca t ion  t o  ca r ry  o u t  fu r the r  geophysical s tud ies  t h a t  could 
u l t ima te ly  lead  t o  a p r e c i s e  determination f o r  t h e  gravi ty  e f f e c t  
of a subducted l i t h o s p h e r i c  p la te .  
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APPENDIX A THE ANALYTICAL DERIVATION OF A RESIDUAL GRAVITY 
ANOMALY FIELD FOR THE CENTML VOLCANIC REGION 
N.Z. .Tot~rnal o f  Geology and Geophysics V o l .  22, No. 4 (1979) : 479-85 
Regional and residual gravity fields, central North Island, New Zealand 
Institz~te of Geophysics, Victoria University o f  TVellington, Vel l ington,  N e w  Zealand 
Regional components of the central North Island Bouguer and isostatic gravity anomaly fields 
are presented as third-degree, two-way polynomials. The Bouguer regional contours strike north- 
east, except in the Bay of Plenty region, where contours parallel the coast. The isostatic regional 
contours strike uniformly north-east and go through a maximum which coincides with the axis of 
epicentres of intermediate depth earthquakes. 
The residual isostatic field shows four prominent negative anomalies in Central Volcanic Zone; 
three of these coincide with centres of rhyolific volcanism. 
KEYWORDS Gravity interpretation, Central Volcanic Zone. 
Maps of Norih Island isostatic and Bouguer gravity 
, . anomalies ( 1  : l  000 000) published by Reilly et al. 
( 1977), display a strong north-west-south-east gradient 
in, and to the east of, Central Volcanic Zone. Super- 
imposed on this gradient are many short-wavelength 
. anomalies presumed to be due to structures in the 
shallower layers of the lithosphere. In order to interpret 
these anomalies it is usual to first subtract the regional 
field. 
from a contour map to a regular grid, such as second- 
derivative and upward-continuation methods, have been 
found to be highly dependent on the mode of contour- 
ing and the grid spacing. On the other hand, as 
graphical methods leave scope for personal judgment, 
a unique regional is difficult to obtain. The purpose of 
this study is to illustrate how, in an area such as I 
Central Volcanic Zone, the regional-residual separa- ! 
tion may be performed in a manner which bridges the 
gap between subjective graphical methods and purely 
analytical methods. 
A significant regional component in Bouguer 
anomalies is removed by the application of a THE REGIONAL POLYNOMIAL 
topographic-isostatic correction; this removes the gravi- 
tational effect of the transition from continental to 
oceanic lithosphere (Reilly 1972). The effect is illus- 
trated by a comparison of the 1 :4 000 000 Bouguer and 
isostatic anomaly maps (Reilly 1965) in which the 
strong gradient of the Bouguer anomaly from positive 
values at the coast to negative values inland, particu- 
larly in the South Island, is largely absent from the 
* isostatic anomaly. A further example of this effect is 
shown by Hatherton (1966). He  found in Southland 
that the broadest significant contribution to the Bouguer 
regional is the effect due to isostatic compensation, and 
he therefore adopted the isostatic anomaly map itself 
as a map of primary residuals. 
z Departures from the a s s u ~ e d  isostatic model may 
still cause regional trends to be present on the isostatic 
anomaly map. These may be removed by graphical or 
analytical means. 
Various New Zealand studies (e.g., Hatherton 1952; 
. Dibble & Suggate 1956; Modriniak & Studt 1959) 
adopted regionals constructed graphically by interpola- 
. tidn of hand-drawn curves between gravity values 
measured on Torlesse Group greywacke. The Torlesse 
Group is a suitable suite of rocks on which to base a 
.gravity regional as it is widespread throughout New 
Zealand and exhibits only small variations in density 
(Hatherton & Leopard 1964). 
Nettleton (1976) provides an extensive discussion 
' on the relative merits of graphical and analytical 
methods of determining the regional. Regionals 
'obtained analytically by interpolation of gravity data 
An interpreter who constructs a smooth gravity field 
from anomaly values obtained on basement outcrops 
either side of a sedimentary basin, and calls this smooth 
surface the regional, is in effect fitting a gravity field 
to those areas he believes to be least effected by local 
anomalies. The method adopted here follows the sug- 
gestion of Skeels (1967) : a polynomial of low order 
is fitted by least squares to gravity values obtained at 
stations situated on a geologically uniform basement. 
Johnson (1974) used a terminated Fourier series, 
orthogonalised with respect to irregularly spaced data, 
to represent the regional Bouguer gravity field of Tas- 
mania. Crain (1970), in a review of computer inter- 
polation techniques of two-dimensional data, found 
the simplest mathematical form to express a surface 
generated by non-equispaced data to be the non- 
orthoganal polynomial. For surfaces of order greater 
than five, however, there are advantages in using the 
computationally more complex orthoganal polynomials. 
Figure 1 shows the locations of 114 gravity stations, 
situated on Torlesse Group greywacke, the anomaly 
values of which were used for the computation of the 
regional field. In order to adequately sample any 
curvature of the regional gradient, data points were 
incorporated across as wide a region as possible, par- 
ticularly east of Central Volcanic Zone, where it was 
suspected that curvature is high. 
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FIG. l-Locality map of 
Central Volcanic Zone 
showing positions of 
gravity stations used in 
the regional computa- 
tion. The boundary of , 
Torlesse Group grey- 
wacke is indicated by 
the dashed line. 
Greywacke crops out near Otamarakau on the Say of 
anomalies, and the resulting estimates of regional Plenty coast. Gravity readings from here were excluded gravity were included in the computation. from the data set, however, as there was some un- 
certainty as to the origin and nature of this outcrop. 
- Extensive drill-hole data at Kawerau, near the eastern SELECTING THE POLYNOMIAL boundary of Central Volcanic Zone, has afforded a 
detailed geological section down to greywacke (Browne 
1978). A north-west-south-east section was taken 
across the Kawerau geothermal area. The gravity 
deficit, due to low density volcanic rocks overlying 
greywacke, was calculated by assuming this section to 
continue indefinitely in the north-east-south-west 
direction and by using measured densities of drill-core 
samples (Macdonald et al. 1970). At three gravity 
sta:ions the deficit was added to surface gravity 
A programme was used for fitting a two-way poly- 
nomial to the data by least squares. Independent 
variables X, Y are the eastings and northings, respec- 
tively, of the gravity stations in North Island National 
Yard Grid co-ordinates; G (Xi, Yi) is the set of 
gravity anomaly values used in the regional computa- 
tion (i= 1. . . .N); and dependent variable P, (X, Y)  
is a polynomial of order m, with p coefficients, repre- 
senting the regional gravity field in ,vN/kg. 
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The following are calculated : 
i 
pm (X, Y) x ( a i - j ,  j )  Xi-' Yj 
1 = 3  j=o (1 
ai-j ,  j are coefficients derived in the least squares 
procedure. 
The residual at station i; 
An estimate of the error variance; 
N 
L 1=1 , 
and VV, is the r.m.s. residual. (3) 
In selecting the order of polynomial the following 
procedure was carried out. 
l. Polynomials from order zero to five were 
estimated. 
2. Values of Ri were examined. Random errors in 
G (Xi,  Yi)  can arise from observational error, incorrect 
terrain correction, or error in the calculated elevation 
of the particular gravity station. If a station on grey- 
wacke, particularly near the margin of the volcanic 
zone, is close to a steep contact with, or faulted against, 
low density volcanic sediments, its gravity value would 
be expected to be below that of the estimated regional 
value. Thus a negative value of Ri would result. 
Any Rt greater than 3 V V ,  was attributed to one of 
the above causes, hence the associated gravity station 
was rejected from the regional computation. In all, ten 
stations of the initial data set failed to meet this 
criterion and were replaced by stations chosen so that 
a uniform spatial distribution of stations was main- 
tained. The locations of the ten rejected stations tended 
to be in the more isolated regions of the greywacke 
ranges where elevation and terrain control are the most 
difficult. 
3. An F-test (Dixon & Massey 1969) was applied 
to determine the significance of coefficients. The appli- 
cation of this test allows the order of polynomial that 
most adequately incorporates the regional trend to be 
determined from the data and not be pre-assigned 
arbitrarily. 
For both Bouguer and isostatic data sets it was 
found that going from a third to a fourth order poly- 
nomial did not produce a change in the variances 
which was significant at the 95% level. Figure 2 shows 
a comparison of the variance of residuals with poly- 
nomial order. 
Coefficients in ekpression (1) for the third order 
polynomial estimates of the Bouguer and isostatic 
regional fields respectively are shown in Table l .  
I I I I 
0 1 2 3 4 5 
POLYNOMIAL ORDER 
FIG. 2-Normalised error variance z)evsu.r order of 
polynomial. Calculated for polynomial estimates, 
order zero to five, of the isostatic regional field. 
TABLE l-Coefficients for third order polynomial esti- 
mates of the Bouguer and isostatic regional fields. 
Coefficient Bouguer Isostatic 
a017 0 .5547x 10" 0.6271x 103 
a10 -0.1287X10-~ --0.2146X10-~ 
a0 1 0-4898X10-~ 0.1553x10" 
a20 --0.2452X10-~ -0-3286X10-~ 
a1 l 0.6189X 1 0 - ~  0.4827X 10-~ 
a02 -0.1773X10-~ -0-2362X10-~ 
a30 -0.1512x10- '~ --0.7327)<10-~~ 
a2 1 0-1774X 10-" 0 . 1 5 3 4 x 1 0 - ~ ~  
a1 2 -0 .9093X10-~~ -0 .2212X10-~~ 
a03 O-3361X10-'3 O-4969X10-'3 
The origin was chosen for each polynomial to be 
approximately central with respect to the data set, i.e. 
375 000 yards east, 510 000 yards north. Figures 3 and 
4 show plots of the isostatic and Bouguer regional 
fields respectively. The residual isostatic gravity 
anomaly map (Fig. 5) was derived by hand-contouring 
values of the residual anomaly calculated from approxi- 
mately 5000 gravity stations whose positions are shown 
on sheet 5 (Woodward & Ferry 1973) and sheet 8 
(Woodward & Ferry 1974) of the 1 :250 000 New 
Zealand Gravity Map series. 
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FIG, 3-Isostatic regional 
gravity field. Contour 
interval= 50 pN/kg. .' 
FIG. 4-Bouguer regional 
gravity field. Contour 
interval= 50 pN/kg. FIG. 5-Isostatic residual gravity field. Contour interval=)o pN/kg. Dotted areas are less than -500 pN/kg, 
hachured areas are greater than 0 pN/kg. 
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A comparison of Fig. 4 and Fig. 3 reveals that while I m7ish to thank Dr E. C. G .  Smith (Geophysics 
both Bouguer and isostatic regional fields are domin- Division) and Mr B. A. Sissons 
Victoria University of Wellington) for many useful ated a n~rth-east trerrd7 the Bouguer regional field 
suggestions while preparing the manuscript. I would incorporates an additional trend7 most prominent at, also like to thank Professor F. F. Evison and Dr  R. R. 
and parallel to, the Bay of Plenty coast. This Bouguel Dibble (Institute of Geophysics, Victoria University of 
anomaly pattern, which has values positive at the coast Wellington) and Drs T .  Hatherton, W. I. Reilly, and 
and decreasing inland as previously noted for the D. J. Woodward (Geophysics Division, DSIR) for 
South Island, reflects the transition of continental to critically reviewing this Paper. 
oceanic lithosphere. 
The envelope of earthquake epicentres for earth- 
quakes occurring between 100 km and 150 km beneath 
the North Trland (Adams & Ware 1977) coincides 
with the 600 pN/kg regional isostatic high in Fig. 3. 
The axis of this gravity high is also close to Mooney's 
(1970) boundary between regions of high and low 
attenuation of high frequency seismic energy. These 
correlations f~a the r  support associations of gravity and 
seismic phenomena found in asymmetric active regions, 
as discussed by Hatherton (1970). 
The closing of contours in Fig. 3, ofif-shore Bay of 
Plenty, may be a consequence of lack of data in this 
region. Indeed, if these contours were left open they 
would be more consistent with the limited data avail- 
able from the Lau-Havre trough (Talwani et al. 1961), 
which indicates a positive isostatic field in this region. 
Although no detailed analysis of the residual map is 
attempted here, some general features may be noted: 
1. There are four regions of residual anomaly 
below - 500 ,uN/kg: Mangakino, northern end of Lake 
Taupo, southern end of Lake Rotorua, and Okataina 
Volcanic Centre. The latter three coincide with the 
rhyolitic volcanic centres of Maroa, Rotorua, and Oka- 
taina respectively. These three regions are associated 
with total force magnetic anomalies greater than 
300 nT taken from an aeromagnetic survey flown at 
1525 m altitude (Whiteford 1976). On the other hand, 
while the Mangakino low is an especially impressive 
feature of -600 pN/kg, it has no associated magnetic 
anomaly or known volcanic centre. 
2. At Otamarakau, where greywacke crops out, the 
residual anomaly is zero. This implies that this out- 
crop is part of an extensive greywacke basement, or 
else that it is underlain by rocks with effectively the 
same density as greywacke. 
3. There is a broad region of relatively high 
gravity north-east of the Mangakino low. This is prob- 
ably genetically related to a magnetic high (Whiteford 
1976) that extends over the same region. 
The technique of fitting a polynomial of low order 
to data from gravity stations on basement appears to 
be a plausible, non-subjective, and reproducible method 
for constructing the regional gravity field of the central 
North Island. The regional field is expressed in closed 
mathematical form so that evaluation at a particular 
location may be carried out uniquely and quickly. 
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APPENDIX B 
Measurements and r e s u l t s  of u l t r a son ic  ve loc i ty  determinations: 
A l l  samples s e l e c t e d  f o r  t h i s  study were homogeneous and lacked 
obvious flaws and f r a c t u r e s .  Borehole samples were general ly about 50 m 
long and cy l indr ica l  i n  shape with a  diameter of about 50 mm. Each' 
ve loc i ty  determination was made across a  p a i r  of faces  c u t  p a r a l l e l  and 
polished smooth. Ve loc i t i e s  were determined us ing the  t r a v e l  time of a  
u l t r a s o n i c  pulse of frequency 82 kHz. Pulse generat ion and timing were 
by means of a  "PUNDIT" (por tab le  u l t r a son ic  non-destructive d i g i t a l  
ind ica t ing  t e s t e r ) .  The transducers used were barium t i t a n a t e  i n  
s t a i n l e s s  s t e e l  cases ,  t h e  energising pulse  being 800 V peak f o r  2 usec. 
Cal ibra t ion  was by means of a  ca l ib ra t ion  rod supplied by the  manufacturers 
with t h e  s t a t e d  t r a v e l  time of 26.3 usec. 
Good contact  between t h e  transducer f aces  and the  sample were 
necessary t o  give r e l i a b l e ,  cons i s t en t  readings.  Vaseline was used a s  
a coupling between the  faces  then moderate pressure  applied by hand u n t i l  
a  s teady reproducible reading was a t t a ined .  Transducers were placed 
exact ly  opposite each o the r ;  the  d is tance  measured by ca l ipe r s .  A 
s e r i e s  of readings were taken with the  l e a s t  t ime, corresponding t o  t h e  
h ighes t  ve loc i ty ,  being t h e  value accepted. Samples were sa tu ra ted  f o r  
24 hours under reduced pressure  so  t h a t  t h e  v e l o c i t i e s  measured could be 
p l o t t e d  agains t  sa tu ra ted  d e n s i t i e s .  
R e l i a b i l i t y  of r e s u l t s  : 
The source of g r e a t e s t  e r r o r  i n  t h e  u l t r a s o n i c  ve loc i ty  
determinations i s  i n  measuring the  t r a v e l  time of t h e  pulse .  Most 
specimens were of a size to give travel times of 5-30 psec. Travel 
times were measured to 0.1 Usec; the stated accuracy of the instrument. 
A maximum error of about 2% would arise from this source. Distance 
measurements are a much smaller source of error; they can consistently 
be made to 0.1 mm, which, for intervals as small as 20 mm represents 
an error of only 0.5%. Thus the maximum possible error for any velocity 
determination is estimated to be about 5%. 
Table B -1 lists ultrasonic velocity, density (wet) , depth of 
the sample if it is from a bore hole and code for its lithological 
classification. 
Table B -1 Ultrasonic seismic ve loc i ty  versus dens i ty  da ta  f o r  
rocks from the  Central  Volcanic Region. 
v P P Depth Code Vp P Depth Code (km/s 1 ~ ~ g / r n ~  1 Cm]. (km/s) ~ ~ g / m ~  2 (m)  
Table B.I continued 
v~ P v~ P Depth Code Depth Code 
Ckm/s 1 (Mg/m31 (mT Ckm/s (Ms/m 3, (m) 
Key t o  Code: 
Pumice and ash 
Ignimbri te  
Volcanic b recc ia  
Rhyolite 
Daci t e  
Andesite 
Greywacke 
Mudstone and sandstone 
Least squares f i t  t o  the  da ta ,  l e s s  t h e  greywacke samplesis 
and standard devia t ion  of the  r e s i d u a l s  i s  0 . l 6  ~ g / r n ~ .  
Table B .  2 The empirical  seismic veloci ty-densi ty r e l a t ionsh ip  
of Nafe-Drake ( see  Grant and West p.200) f o r  the  
ve loc i ty  range of i n t e r e s t  t o  t h i s  study. 
Least  squares f i t  t o  t h e  da ta :  p = 1.58+0.20 V 
P 
r2 = 0.95 
dp/dVp = 0 -2 ~ ~ / m ~ / k m / s  
Appendix C - Equipment, s t a t i s t i c a l  uncer ta in t i e s  and data  from 
shallow veloci ty  inves t iga t ions  
C . 1  Equipment 
The following seismographs were used f o r  t h e  r e f r a c t i o n  surveys 
described i n  Chapter 5.  
1) A 12 channel R.S.44 r e f r a c t i o n  seismograph with a spread length  
of 330 m, extendable t o  1.1 km with 400 m cables a t  each end. 
2) Four model M.E.Q.600, Sprengnether microearthquake recorders  
which record unattended f o r  26 hours a t  a drum speed of 60 m/minute. 
These instruments have a normal peak displacement magnification o f  
5 - 2  X 107 a t  23 H z .  I n  t h e  f i e l d  t h e  recorders a r e  usually operated 
a t  36 db below f u l l  gain r e s u l t i n g  i n  a displacement magnification 
of  8.5 x105 .  The remaining M.E.Q.800 recorder is  capable of  
50 hours unattended recording a t  a drum speed of 60 mm/minute. 
Average displacement magnifications i n  t h e  f i e l d  with t h i s  instrument 
were a l s o  about 8 -0 x 105,  peaking a t  14 H z .  For a l l  the  shots  f i r e d  
i n  t h i s  experiment, both the  M.E .Q.600 and 800 had t h e i r  drum speeds 
increased t o  120 mm/minute. 
A l l  t h e  Sprengnether recorders incorpora te  a quar tz  clock 
which when used i n  conjunction with radio-time s igna l s  provides a 
timing uncer ta in ty  no g rea te r  than 20.1 sec .  These instruments 
automatical ly record  time-signals broadcast  on t h e  hour by New Zealand 
t i m e  service .  
3) Two model PS-1 and t h r e e  model PS-1A Kinemetrics micro-earthquake 
recorders were a l s o  used i n  t h i s  s tudy.  Both types o f  instruments had 
displacement magnifications of  approximately 7.5 x105 and s i m i l a r  f i l t e r  
s e t t i n g s .  F i l t e r  2 (5 Hz peak) was used f o r  s e t s  wi th in  8 km of an 
explosion and f o r  d is tances  g r e a t e r  than 8 km F i l t e r  1 (2 Hz peak) was 
prefer red .  The i n t e r n a l  clocks o f  these  s e t s  were c a l i b r a t e d  by t h e  
opera tor ,  who recorded e i t h e r  t h e  V.N.G. o r  Radio New Zealand time 
s i g n a l s  aga ins t  t h e  i n t e r n a l  clock minute marks. This genera l ly  was 
done some hours p r i o r  t o  o r  a f t e r  t h e  main explosions. However two 
o f  the  Kinemetric instruments were manned a t  the  time of  the  explosion 
so  t h a t  t h e  New Zealand time s i g n a l s  could be recorded aga ins t  t h e  
hour mark immediately p r i o r  t o  t h e  explosion. 
Most o f  t h e  Kinemetrics had drum speeds o f  60 mm/minute 
although a t  t h e  time of  t h e  Rotoehu survey two of  the  Kinemetrics had 
been modified so  t h a t  they had drum speeds of 600 mm/min. 
A l l  microearthquake records were read wi th  a t r a v e l l i n g  
microscope which provided a reading accuracy of about '0.0025 mm; 
f o r  t h e  slowest  drum speed o f  60 mm/min t h i s  i s  equivalent  t o  a 
reading accuracy b e t t e r  than +0 . O 1  sec .  
A l l  Sprengnether and Kinematic recorders were operated with 
i d e n t i c a l  1 Hz v e r t i c a l  seismometers (Mark products ,  model L4) .  
4) Two por tab le  slow motion magnetic tape  recorders  used i n  t h e  
study a r e  s i m i l a r  and have been described by Dibble (1964). A 
Willmore mark 1 v e r t i c a l  seismometer, T = l  s ec ,  was used with each 
recorder.  A tape  speed o f  0.4 mm/sec enables recording frequencies 
i n  t h e  range 0.1-30 Hz t o  be  played back with f l a t  response. The 
magnetic t apes  were played back a t  196 &sec on a four-channel tape  
recorder.  The channels were then displayed two a t  a time on a dual- 
beam d i g i t a l  s to rage  osc i l loscope from which time mark correc t ions  
and seismic a r r i v a l  times were read o f f .  The o v e r a l l  timing accuracy 
o f  t h e  recording and playback system i s  about 0.03 S.  
C.2  Errors  and minimum s t a t i s t i c a l  uncer ta in ty  i n  r e f r a c t i o n  
i n t e r p r e t a t i o n  
Errors  i n  r e f r a c t i o n  i n t e r p r e t a t i o n  a r e  here  c l a s s i f i e d  a s  
model o r  da ta  consequent. 
a )  Model e r ro r s :  These a r i s e  when t h e  assumed subsurface model of  
e i t h e r  plane i sove loc i ty  l a y e r s  o r  continuous ve loc i ty  with depth is 
inappl icable .  A s  discussed i n  sec t ion  5.2.2 both low-velocity and 
b l i n d  zones a r e  depar tures  from the  above models and w i l l  cause e r r o r s  
i n  depth est imates.  For t h i s  reason a complete s t a t i s t i c a l  t rea tment  
of r e f r a c t i o n  e r r o r s  i s  placed out  of  reach. 
b) Data consequent e r r o r s :  Under t h i s  c l a s s i f i c a t i o n  e r r o r s  a r i s i n g  
from a f a i l u r e  of  the  chosen model t o  f i t  exac t ly  t h e  observed d a t a  
i s  considered. For example i f  a layered i s o v e l o c i t y  model is  assumed 
and s t r a i g h t - l i n e s  f i t t e d  t o  t h e  da ta , the re  w i l l  b e  a s c a t t e r  of da ta  
about these  l i n e s  and t h e  problem i s  then a s t a t i s t i c a l  model f i t t i n g  
exerc ise .  The uncer ta in ty  est imated w i l l  be  a minimum i n  the  sense 
t h a t  f o r  the  given model t h e  uncer ta in ty  i s  a t  l e a s t  t h i s  l a rge .  The 
numerical method used i n  t h i s  s tudy i s  taken from S t e i n h a r t  & Meyer (1961) 
and only t h e  s a l i e n t  po in t s  w i l l  be reproduced he re .  
For N number p a i r s  i n  d is tance  ard time ( X i , ~ i )  a s t r a i g h t - l i n e  
segment o f  the  form: T = T i  + X i / V  i=1, ... N i s  found. 
~ P P '  
Parameters of  i n t e r p r e t a t i v e  i n t e r e s t  a r e  V (apparent  ve loc i ty )  , 
aPP 
T (time i n t e r c e p t  a t  zero distance) and f o r  the  case of  reversed 
0 
p r o f i l e s  T ( rec ip roca l  o r  end t ime) .  E 
a )  Estimate of uncertainty i n  (V : The b e s t  est imate,  i n  a 
aPP 
maximum l ike l ihood  sense,  of t h e  rec ip roca l  apparent ve loc i ty  i s  
obtained by: Sm = (Stt/Sxx - (Sxt2/Sxx2) /N-2)' 
where : Sm = es t imate  of t h e  standard devia t ion of t h e  
rec iprocal  apparent ve loc i ty  (V ) 
aPP 
Sxx = C X i  - ( C X i )  2 / ~  
Sxt  = covariance ( X i , T i )  i = l,. . .N 
I f  M i s  t h e  t r u e  value of t h e  s lope  m, (M-m)/Sm i s  d i s t r i b u t e d  according 
t o  a s tudents  t - d i s t r i b u t i o n .  Thus M = mfSm~ where -c i s  t h e  N- 2  N- 2  
numerical value of  the  t - d i s t r i b u t i o n  with N-2 degrees of freedom a t  
some pre-selected l e v e l  of p robab i l i ty .  A c lose  est imate f o r  the  uncertainty 
i n  V can then be obtained from (V -1) -1 tAVapp aPP aPP 
b) Uncertainty i n  t h e  predic t ion of  T - I t  can be shown (Ste inhardt  
n ' 
& Meyer, 1961),  t h a t :  
where : AT = est imate of uncer ta in ty  f o r  time i n t e r c e p t  a t  
X 
pos i t ion  X. 
The est imates of uncer ta in t i e s  f o r  both T and T can therefore  be  
0 E 
obtained by i n s e r t i n g  d i f f e r e n t  values of X i n t o  t h e  equation f o r  AT . 
X 
The procedure adopted f o r  t h i s  study i s  t o  t abu la te  f o r  each 
s t r a i g h t  l i n e  determination the  uncer ta in ty  i n  V To and T The 
aPP ' E '  
uncer ta in t i e s  f o r  determinations wi th  only two time-distance p a i r s  i s  
e s s e n t i a l l y  i n f i n i t e  and t h e  uncer ta in ty  i n  T i s  only given f o r  l i n e  E 
segments with a reversed counterpart .  Included i n  these  measures of 
uncertainty w i l l  be per turbat ions  i n  t h e  d a t a  from random reading e r r o r s ,  
hor izonta l  ve loc i ty  va r ia t ions  and devia t ions  of r e f r a c t i n g  i n t e r f a c e s  
from hor izon ta l  planes.  The uncer t a in t i e s  a r e  useful  f o r  deciding 
whether t o  f u r t h e r  complicate a  pos tu la ted  model ( i . e .  choose a dipping 
r a t h e r  than a hor izon ta l  layered  model) and t o  make est imates f o r  t h e  
minimum uncer ta in ty  i n  depth determinations when using t h e  various time 
i n t e r c e p t  formulae given i n  Chapter 5. 
C .3  Shallow ve loc i ty  inves t iga t ions  along t h e  Mangakino and Rotoehu 
seismic l i n e s  
For both the  Rotoehu and Mangakino seismic l i n e s ,  shallow 
ve loc i ty  information was obtained from s h o r t  spreads s h o t  with the  R.S .44 
r e f r a c t i o n  seismograph. This information was then u t i l i s e d  f o r  
e l eva t ion  and weathering correc t ions  t o  a r r i v a l s  from the  main sho t s .  
Equipment organisa t ion:  A t  most s i t e s  the  1 2  geophone,330 metre 
long spread was end s h o t  from both d i r e c t i o n s  with sho t  o f f s e t s  of 
15-30 metres. I n  some cases o f f s e t  sho t s  o f  400 metres were made t o  
gain deeper s t r u c t u r a l  information. For t h e s e  long spreads end geophones 
were extended, with t h e  a i d  of 400 metre extension cables i n  e i t h e r  
d i r e c t i o n ,  t o  give an end-to-end spread length  of  approximately 1.1 km. 
Shots were f i r e d  i n  hand auger dug holes  approximately 2 metres 
deep. Shot weights were 0.8 and 5 kg f o r  spreads of 350 and 1100 metres,  
r e spec t ive ly .  
Seismic recordings:  Examples of  some recordings made on t h e  R.S.44 
seismograph a r e  shown i n  f i g .  C.1 Arr iva l  times were obtained by 
reading t h e  f i r s t  onse t ,  o r  i n  the  cases  where t h i s  was d i f f i c u l t ,  by 
reading the  f i r s t  peak and sub t rac t ing  the  average time i n t e r v a l  between 
well-recorded onsets  and peaks on t h a t  record.  
, ..- --.-- 
h l . .  
Fig. C . 1  Three exarcples of  records from the 1 2  channel RS44 
seismqraph . 
I n t e r p r e t a t i o n  methods: The main ob jec t  i n  t h e  i n t e r p r e t a t i o n  
of  these  l i n e s  was t h e  i d e n t i f i c a t i o n  o f  c h a r a c t e r i s t i c  near-surface 
v e l o c i t y  u n i t s  and t h e i r  corresponding depths. For each s e t  of  correc ted  
time-distance p a i r s  from a p a r t i c u l a r  shot ,  s t r a i g h t  l i n e  segments were 
chosen which could b e  matched with s t r a i g h t  l i n e  segments from i t s  
reverse  shot  with equal r ec ip roca l  end times. 
Sa t i s fac to ry  s e t s  o f  l i n e s  were i n t e r p r e t e d  t o  f i n d  depth, 
and t r u e  ve loc i ty  using t h e  time i n t e r c e p t  method o f  Dobrin (1976) 
( see  Sect ion  5.3.3) . For two o f  t h e  s h o r t  spreads repor ted  here t h e r e  
was s u f f i c i e n t  da ta  t o  use t h e  plus-minus method of  Hagedoorn (1959) 
over the  c e n t r a l  por t ion  of the  spreads. I n t e r p r e t a t i o n s  made with t h i s  
method a r e  very s i m i l a r  t o  those  made with the  p lane  l a y e r  i n t e r p r e t a t i o n  
method. 
Tables C . 1  t o  C.6 l i s t  observed and where appropr ia te ,  co r rec ted  
t r a v e l  times f o r  a l l  shallow ve loc i ty  spreads on t h e  Rotoehu and Mangakino 
seismic l i n e s .  Beneath each t a b l e  i s  a l i s t  of the  derived parameters 
from l e a s t  square so lu t ions  f o r  se lec ted  s t r a i g h t  l i n e  segments. These 
parameters a r e  : 
V = apparent v e l o c i t y  
aPP 
To = time i n t e r c e p t  a t  zero d is tance  
T~ = f o r  reversed spreads,T -time i n t e r c e p t  a t  pos i t ion  of E- 
t he  r eve r se  sho t .  
AV AT , ATE=respective minimum s t a t i s t i c a l  unce r t a in t i e s  
~ P P '  0 
a t  t h e  90% confidence l e v e l .  
Mangakino shallow ve loc i ty  spreads : Two s i t e s ,  Murry Rd and 
Christiansen Rd s i t e s ,  were found t o  be  s u i t a b l e  f o r  shallow-velocity 
inves t iga t ions  along the  Mangakino seismic l i n e .  A t  both s i t e s  two 
reversed spreads o f  lengths 330 and 1100 metres were shot .  
( a )  Murry Road spreads: Refract ion a r r i v a l s  a t  t h i s  s i t e  tended t o  
be weak and f o r  t h e  long spread of  s h o t  M.S.3 energy f a i l e d  t o  propagate 
the  f u l l  length  of  the  p r o f i l e  (1100 met res ) .  The end time f o r  t h i s  
s h o t  was adopted from i t s  reversed s h o t  M.S.4. Travel-time d a t a  and 
a  plane l a y e r  i n t e r p r e t a t i o n  of  t h e  da ta  a r e  shown i n  f i g .  C .2  
(b) Chr is t iansen Road spreads: Data f o r  these  spreads were good and 
the  i n t e r p r e t a t i o n  i s  simple and r e l i a b l e .  The long-spread s h o t ,  M.S.9, 
and geophone 12 were a t  a  lower e l eva t ion  than t h e  r e s t  of  t h e  spread,  
necess i t a t ing  a  small  time cor rec t ion  t o  a l l  a r r i v a l s ;  e f f e c t i v e l y  
p lac ing s h o t  and geophone on the  same datum a s  the  r e s t  of the  spread. 
Fig. C.3  shows the  travel- t ime d a t a  and s t r u c t u r a l  so lu t ions  obtained 
by both the  h o r i z o n t a l  plane-layer and t h e  plus-minus method. 
Rotoehu shallow veloci ty  spreads:  Two p r i n c i p a l  s u r f a c e  
l i t h o l o g i c a l  u n i t s  along the  length o f  t h e  Rotoehu p r o f i l e  were evident .  
F l u v i a t i l e  depos i t s  wi th in  the  v i c i n i t y  of  t h e  two main sho t s  and poorly- 
compacted R o t o i t i  pumice breccias  elsewhere. 
Accordingly, two shallow i n v e s t i g a t i o n  s i t e s  were se lec ted ;  
a  reversed 760 metre spread on Hannon Road and two unreversed p r o f i l e s  
with r e spec t ive  s h o t  o f f s e t s  of 90 and 590 metres along Cambell Road. 
The l a t t e r  Cambell Road p r o f i l e  served a  dual  purpose i n  t h a t  it was 
sho t  from t h e  same loca t ion  as  R.S -2; providing e x t r a  da ta  po in t s  f o r  
the  time-distance graph associa ted  wi th  R.S.2. 
(a)  Hannon Road spreads:  The p a t t e r n  of  geophone and s h o t  l ayou t  a t  
t h i s  s i t e  gave poor con t ro l  on the  t o p  two l aye r s  b u t  good c o n t r o l  on 
t h e  t h i r d .  F ig .  c.4 shows t h e  t r a v e l  time da ta  and s t r u c t u r a l  so lu t ions  
obta ined by both the  plane-layer and t h e  plus-minus method. 
The p o l a r i t y  of  a r r i v a l s  a t  t h e  f i r s t  geophone f o r  each s h o t  
were examined f o r  normality a s  0.3 km/s is  c lose  t o  t h e  speed of sound. 
They were normal i n  both cases.  Poor cont ro l  on t h e  0.8 km/s l a y e r  
could l e a d  t o  a  more simple two l a y e r  i n t e r p r e t a t i o n  f o r  t h i s  spread.  
Such an i n t e r p r e t a t i o n  would have a  0.3 km/s l a y e r ,  60 metres th ick ,  
d i r e c t l y  overlying the  2.2  km/s l a y e r .  This i n t e r p r e t a t i o n  was 
r e j e c t e d  i n  favour of the  t h r e e  l a y e r  model f o r  the  following reasons. 
F i r s t l y ,  t h e  influence of t h e  water  t a b l e  and l i t h o s t a t i c  compaction 
would make it unlikely t h a t  t h e  0.3 km/s l a y e r  would extend f o r  
60 metres and secondly, the  proposed th ree  l a y e r  model i s  commensurate 
with t h a t  found a t  Mangakino where shallow ve loc i ty  con t ro l  was super ior .  
(b) Cambell Road spreads: S ing le  s t r a i g h t  l i n e  segments could b e  
s a t i s f a c t o r i l y  f i t t e d  t o  t h e  da ta  from these  spreads.  Ve loc i t i e s  of 
1.55 and 1.76 km/s were ind ica ted  by spreads with s h o t  o f f s e t s  of 90 and 
590 metres respect ive ly .  Ray paths  f o r  t h e  l a t t e r  spread would be  
sampling t o  deeper l e v e l s ,  hence t h e  d i f fe rence  i n  v e l o c i t i e s  i s  
ascr ibed t o  an  increase  i n  ve loc i ty  with depth. 
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Table C.1 Seismic d a t a  f o r  t h e  Murry Rd s h o r t  spread  
Shot:  M.S.5 
Locat ion:  North end o f  s h o r t  spread  on Murry Road 
Geophone No. Distance (m) Trave l  t ime ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 2 * 0.3  
l i n e  2 5 1 .0  k 0 . 1  0.04 f 0.02 0.44 k0 .05  
l i n e  3 7 2.2 k0 .2  0.15 kO.01 0.31 f O . O 1  
Shot:  M.S.6 
Locat ion:  South end of  s h o r t  spread on Murry Road 
Geophone No. Distance (m) Trave l  t ime ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 2 * 0 .3  
l i n e  2 4 0.8 50.1 0.04 +O -02 0.49 k0.04 
l i n e  3 8 2 .1  + O .  2 0 . l 5  +0.01 0.32 t o .  01  
Shots  and geophones f o r  above spreads  a l l  a t  327 metres  A.S.L. 
* Orig in  used i n  t h e s e  s t r a i g h t - l i n e  de te rmina t ions .  
Table C.2 Seismic d a t a  f o r  t h e  Murry Rd long  spread 
Shot:  M.S.3 
Shot  he igh t :  345 metres  A.S.L. 
Location: South end of  long spread on Murry Road 
Geo. No. Dis tance  
(m)  
32 
408 
464 
500 
5 30 
560 
590 
620 
6 50 
680 
740 
1100 
Height 
(m)  
Corrn. Obs. Time Corrected Time 
(S)  ( S )  (S)  
0 0.100 0.100 
-0.02 0.365 0.345 
-0 -02 0.390 0.370 
-0.02 0.410 0.390 
-0.02 0.425 0.405 
-0 -02 0.430 0.415 
-0 -02 0.440 0.420 
-0 -02 0.455 0.435 
-0.02 0.460 0.440 
-0 -02 0.475 0.455 
-0.02 0.495 0.475 
Not Recorded 0.59 S adopted from M.S.4 
Leas t  squares  s o l u t i o n s :  
l i n e  1 4 2.0 t 0 . 2  0.142 If-0.03 0.69 k0.03 
l i n e  2 7 3.0 t 0 . 2  0.230 t 0 . 0 1  0.59 tO.01 
Shot:  M.S.4 
Shot  he igh t :  311 metres  A.S.L. 
Location: North end of  long spread  on Murry Road 
Geo. No. Dis tance  Height Corrn. Obs. Time Corrected Time 
(m) (m)  (S)  (S )  ( S  
Leas t  squares  s o l u t i o n s :  
l i n e  1 7 2.2 kO.1 0.15 t o .  01 0.65 20.01 
l i n e  2 5 3.0 k0.2 0.23 fO.O1 0.59 +O . 01  
Table C. 3  Seismic d a t a  f o r  t h e  Chr is t iansen  Rd s h o r t  spread 
Shot:  M.S.7 
Shot  and s t a t i o n  he igh t s  a l l  347 metres A.S.L. 
Locat ion:  South end of  s h o r t  spread on Chr i s t i ansen  Road 
Geophone No. Distance (m) Travel  Time ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 3* 0.3 
l i n e  2 10 1.4 
Shot:  M.S.8 
Shot  and geophones a l l  a t  347 metres A.S.L. 
Locat ion:  North end of s h o r t  spread  on Chr i s t i ansen  Road 
Geophone No. Distance (m) Trave l  Time ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 3 * 0.4 
l i n e  2 10 1.2 
* 
Orig in  included i n  t h e s e  l i n e  segments. 
TabLe C.4 Seismic d a t a  f o r  t h e  Chr i s t i ansen  Rd long spread 
Shot:  M.S.9 
Shot and geophones a l l  a t  347 metres  (A.S.L.),  except  geophone No.12 
Location: Long spread from nor th  end of Chr is t iansen  Road 
Geophone No. Distance (m) Travel  Time ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 2 1 .2  n/a 0.07 n/a 1.06 n/a 
l i n e  2 11 2.2 k0.07 0.23 t O . O 1  0.79 k0.01 
Shot:  M.S.10 
Shot  he igh t  of 329 metres .  Corrn. o f  0.02 s e c  added t o  a l l  a r r i v a l s  
s o  s h o t  and d e t e c t o r  a l l  l i e  on 347 metres  datum. 
Location: South end of long spread on Chris t iansen Road 
Geophone No. Distance (m) Travel  Time ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 2 1 .2  n/a 0.04 n/a 1.07 n/a 
l i n e  2 11 2.0 k0.1 0.20 t0 .03 0.79 k0.02 
Table C.5 Seismic d a t a  f o r  t h e  Hannon Rd spread 
Shot: R.S.3 
Location: South end of Hannon Road 
Geophone No. Distance (m) Travel  Time ( S )  
Leas t  squares  s o l u t i o n s :  
l i n e  1 2 * 0.3  n/a 0 n/a 2.25 n/a 
l i n e  2 2 0 - 8  n/a 0.10 n/a 1.08 n/a 
l i n e  3 11 2.2 k0 .1  0.32 +0 .01  0.66 f0 .06  
Shot:  R.S.4 
Location: North end of  Hannon Road 
Geophone No. Distance (m) Travel  Time ( S )  
Least  squares  s o l u t i o n s :  
l i n e  1 2* 0.3 n/a 0 n/a 2.24 n/a 
l i n e  2 2 0.8 n/a 0.10 n/a 1 .05  n/a 
l i n e  3 11 2.1 20.1 0.30 +O .01 0.66 t0 .01  
* 
l i n e  segments which use t h e  o r i g i n  i n  t h e  l e a s t  squares  de te rmina t ion .  
Table C.6 
275 
Seismic d a t a  f o r  t h e  Cambell Rd spread 
Shot:  R.S.6 
Location : Cambell Road 
Shot Offse t :  90 metres  
Geophone No. Distance Cm) Travel  Time (S)  
Lease squares  s o l u t i o n s :  
l i n e  1 1 2  1.55 k0.01 0 f  0  
Shot:  R.S.5 
Location: Cambell Road 
Shot Of f se t :  590 metres 
Geophone No. Distance (m) Trave l  Time ( S )  
Leas t  squares  solut ion 's :  
l i n e  1 1 3  1.76 20.04 0 f0 .01  
Plane l a y e r  s o l u t i o n  from R.S. 5  and 6:  l a y e r  1 = 1 . 5  -t 1.8  km/s. 
APPENDIX D 2%-DIMENSIONAL GRAVITY INTERPRETATIONS 
I n  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of gravi ty  and magnetic da ta ,  
two-dimensional ca lcu la t ions  along p r o f i l e s  perpendicular t o  t h e  a x i s  
of an i n f i n i t e l y  long body have been popular.  Reasons f o r  t h i s  
popular i ty  a r e  t h a t  s t r u c t u r e s  which approach two-dimensionality a r e  
common i n  geology and da ta  a r e  o f t e n  co l l ec ted  i n  p r o f i l e s  perpendicular  
t o  the  s t r i k e  d i r e c t i o n .  Polygonal cross-sect ions of two-dimensional 
bodies a r e  conveniently represented on paper and inpu t  t o  t h e  computer, 
whereas three-dimensional ca lcu la t ions  a r e  slower and data  inpu t  and 
d isplay  a r e  more cumbersome. 
Shuey & Pasquale (1973) derived equations f o r  t h e  magnetic f i e l d  
of a compromise "2S-dimensional body", inva r i an t  i n  c ross  s e c t i o n  b u t  
terminated a f i n i t e  d is tance  along s t r i k e .  Cady (1977, 1980) has 
derived a s i m i l a r  expression f o r  t h e  g rav i ty  e f f e c t  of a 2%-dimensional 
body which a l s o  incorporated the  f a c i l i t y  f o r  d i f f e r e n t  s t r i k e  lengths  
i n t o  and o u t  of  t h e  plane of t h e  p r o f i l e .  Moreover by speci fy ing one 
s t r i k e  d i r e c t i o n  t o  be negative t h e  c a l c u l a t i o n  i s  performed f o r  a 
p r o f i l e  which does not  pass d i r e c t l y  over t h e  body; t h i s  is demonstrated 
i n  the  following example. 
Fig. D . 1  shows a hypothet ica l  model with various s t r i k e  d i r e c t i o n s  
and t h e i r  ca lcu la ted  gravi ty  e f f e c t s .  For L1 and L2 i n f i n i t e  t h e  g rav i ty  
e f f e c t  i s  merely t h a t  of a two-dimensional body. For L1= -3 and 
L2=10 km t h e  p r o f i l e  does not cross  t h e  body b u t  i s  3 km d i s t a n t  from 
one end of t h e  body and 10 km d i s t a n t  from t h e  o the r  i . e .  t h e  l eng th  
of t h e  body is 7 km. 
This method has p a r t i c u l a r  relevance f o r  g rav i ty  i n t e r p r e t a t i o n s  
made i n  volcanic provinces where geological forms tend t o  be three- 
dimensional i n  character .  The 2%-dimensional method has t h e  convenience 
and speed of t h e  two-dimensional approach, y e t  s t i l l  r e t a i n s  much of 
the  genera l i ty  of the  three-dimensional approach. 
Table D . l  contains a For t ran  l i s t i n g  of t h e  2%-D g rav i ty  
i n t e r p r e t a t i o n  programme. 
Table D . 1  L i s t i n q  of t h e  2%-dimensional g rav i ty  i n t e r p r e t a t i o n  
programme. 
Cd** *XY*X2  1 / ~ - . L I  ORAI j ITY IHTERI'RI:TATIDN IF'RGil I AFTER CADY ( 1 9 7 7 )  
C**$**%** T.  A .  STLER:J 1776 
F I L E  9 5 i T I T L E = ' 2 D E X P ' . ,  KINI I=K!ISK, F I L E T Y P E = ? )  
F I L E  PO<KIND=D?SK, MAXRECSrZE=22, BLDCKSIZE=33OP PF:OTECTION=SAVE) 
D I H E N S I U N  S T R K l ( l O ) ,  ST::K2(10i, XSTAT( 1 5 0 ) ,  Z S T t A T ( 1 . 5 0  T T ( 1 5 0 )  
D IMENSION G T E ( 1 0 , 1 5 0 ) . .  GTT<'1.50),  N S I D E S ( : L O ~ ,  RES(I';O'? P C ( 1 0 )  
DIMENSIOtd GOBS(150)  
1l:tiEEISION .IlELM( 10,P5,  1 5 0 ) :  XE;TART(10, 1 0 0 )  ZSTARTC 1 0 ,  1 0 0 )  
Cb*%**X*Y%ENTER NUMBER OF COMPIJTTNG I'OINTS Ai4'lD NO. OF POLYGONS 
REAn ( 7 5 ,  / )  NL!HX, IJBODS 
C*$****** ENTER X-CODRDINATE OF CF'T. P T .  aND OBSERVEII ANOMAI-Y 
C*$******* U N I T S  OF METRES, f l I L L I G A L ' S  
- - 
READ(Y5, I 5 ? X S T A T ( J ) ,  GOBS(.Ji 
1 5  FORMAT( F 8 . 2 , F 8 . 2 )  
W R T T E ( 8 0 r 1 5 )  X S T A T ( J ) j G O B S ( J )  
4 CONTINUE 
DO so I = i , N u n x  
T T ( I ) = O .  0 
DO 5 0  J=1, NBOTIS 
G T T ( I ) = O . O  
5 0  G T E ( J , I ) = O . O  
C N S T = 6 . 6 6 6 6 6 7 E - 0 3  
C**XY**READ PARAMETERS FOR EACH BODY:STRI#E LGTHS ARE +VE I F  P R O F I L E  
CL*X***CROSSES BODY 
C****$**** IlEEJSITY CONTRAST(PC(L)  ) I N  flG/M3 
110 5 0 0  L=1, NHOTIS 
R E A D ( 9 5 , / ) N S I D E S ( L ) ,  S T R K i ( L ) ,  STRK2(II), F C ( L )  
W R I T E ( 9 0 , 2 3 ) L .  N S I U E S i L ) ,  S T R K i ( L ) ,  S T H K 2 ( L )  
2 3  FORMAT( lX ,  'POLYGON', I 3 >  'I-IAS', 1 3 ,  " S I D E S  SI HALF S T R I K E  
1 LENGTHS', 2 F 1 0 .  1) WRITE(~O, ~ A ) P C ( L )  
2 4  FOF:?iAT( I X ,  'DENSITY CONTRAST FOR POLYGON: '. Ft3. 6 )  
M = N S I D E S ( L ) + L  
DO 9 0  L L = 1 ,  !l 
H E A D ( 9 5 t 1 6 )  XSTART(L ,  L L ) ,  ZSTART(L ,  L L )  
1 6  FORMAT( 2 F 1 0 . 2 )  . 
W R I T E ( 8 0 , 2 1  )XSTART(L ,  L-L), Z S T A R T ( L L  L L ) ,  L. 
21 FORMAT( 1X, I&, '!X, Z)=', 2 F 1 2 . 2 ,  'BODY MO. ', 1 3 )  
9 0  CONTINUE 
110 6 0 0  K=1, NUMX 
MM=NSIDES(L) 
DO 6 1 0  J = l , M M  
Z1=ZSTART(L>  J) 
Y 2 = S T R K 2 ( L ) -  
I F ( Z 1 .  L T .  0 . 0 ) .  Z 1 = 0 . 0 0 0 0 1  
I F ( Z 2 . L T . O . O )  2 2 = 0 . 0 0 0 0 1  
CALL G H A V ( Z l . Z 2 ,  X i ,  X2, Y1, Y22 LIEL, T )  
DELM(L,  J, K ) = T  
GTE(L ,  K)=GTE(L ,  K)+T*CNST 
6 1 0  CONTINUE 
6 0 0  CONTINLIE 
5 0 0  CONTINUE: 
DO 2 5 0  I= i ,NUMX 
DO 26:I. J=l ,NJODS 
T T ( I ) = T T ( I ) + G T E ( J , I : i  
2 6 1  CONTINUE 
R E S ( I ) = G O H S ( T ) - T T C I )  
2 6 0  W R I T E i 8 0 , 1 7 )  XSTAT(I),TT(I),GOHS(I),RES(I) 
1 7  FORMAT(LX, ' X = ' , F 8 . 0 ,  ZX, 'CAI -C= ' ,F9 .1 ,5X,  'OHS= ' ,F5 .1 ,  5 X 3  
i m R E S I D U A L = * ,  F 5 .  1 i 
SSR=0. 0 
DO 2 7 0  I=L,NUMX 
S S H = S S R + ~ E S ( I ) * R E S ( T )  
2 7 0  CONTINUE 
WRITE ( 9 0 ,  271.) NUMX. SSRR'EIUHXX SRRT (SSR/NIJ?IX) 
2 7 1  FOHMAT(1X, 16 ,  ' S T A T I O N S S ,  4 X X  'HEAN RES**2 = ' , F 1 5 . 3 ,  'SQRT= ' ,F15  3 )  
LOCK PO 
CALL E X I T  
END 
C$****X*PERFORM L I N E  iNTEGRAL FOR EdCH L I N E  INCREMENT 
SUBROUTINE GRAV(Z.L, 2 2 .  X i ,  X*?, Y1, Y 2 ,  DEL, TERMS) 
TERHS=O. 
I F i A B S ( Y 1 - X 2 ) .  L T .  0 . W  GO TO 5 0  
I lFIAHS(X1. I .  L T .  0 .  f30001.! X1=0 .00091 .  
I F ( A R S ( X 2 )  LT. 0 . 0 0 0 0 1 )  X 2 = 0 . 0 0 0 0 1 .  
I F ( A B S i Z 1 ) .  ILT. 0. 0 0 0 0 1 : ~  Z 1 = 0 . i ! 0 0 0 0 0 r ~ l  
I F i A B S i Z 2 ) .  1-7 O 0 0 0 0 1 )  2 2 = 0 . 0 0 0 0 0 0 0 1 .  
TWOPi=2. $ 3 . 1 4 1 5 ? 2 7  
Table D.1 - continued 
T,F(AES!DX). LT. n. nnl. 1 rlx=o. oooi 
DZzZ7-Zi 
IF(ABS<DZ) . LT. Cl. 0011 UZ=0. 6000001 
EM=DZ./DX 
CSR=I.+EMXX2 
C=( SORT( DZXDZtTlX*T!X) ) /nX 
ZO=Zi-EM*Xi 
A=ZO/C 
ASR=A*A 
AK=ZO/CSQ 
XO=E3XAK 
BX=X2+X0 
IF!AHS(BX).LT.O.OOOI) RX=@.OOOi 
BZ=XltXO 
IF(AHS(HI).LT.O.OOOi) HI=O.OOOi 
CBX=C$HX 
CHI=C*BI 
JEND=1 
IF!ABS(Yi1.LT.@.OOO1.AN~I.AHS(Y2).LT.Q.OOOl JEND=O 
RS01=Xi**2+Z1**2. 
RSR2=X2**2tZ2**2 
RYi=SOh'T(YI*YitRSQl) 
KYil=SOKT(Yl*Y1tRSR2) 
RY2=SOHT(Y2*Y?+HS01) 
RY22=SRRT(Y2*Y2tRS02).. 
TI=0. 
T2=0. 
IF(RS02.GT.O.) Ti=BX8ALOG(RSQ2) 
IF(RSR1. GT. 0. ) T2=HI*ALOG(HSRi 
T3=ATAN2(HX, AK) 
IF(HX. GT. 0. . AND. AK. LT. 0. ) T3=T3-TUOPI 
T4=ATAN2(FTj AK) 
IF(BI. GT. 0.. ANTI. AK. LT. 0. ) T4=T4-TWOF'I' 
IF(JEND.ER.01 GO TO 48 
TS=BI*ALOG((YltHYl)t(Y2tKY2)) 
FNUM=4S3tY1%*2tYI*HYil 
nEfiI=ZOUrHX 
T?=ATAN2 ( FNUM, DEN 
IF(FNLIM. LT. O. .ANTI. DEN. LT. a. ) T?=T?+TWUPI 
TiO=ATAN2 (FNUM, DEN) 
IF(FNUM. LT. 0.. AND. DEN. LT. 0. j TiO=Tl@tTWOPI 
FNUM=AS0tYi*92tYiYHYI 
IIEN=ZO*BT 
T11=ATAN21FNUM, DEN! 
IF(FNUM. LT. 9 . .  AND.DEN.LT. 0. i Tii=T11+TWOPI 
FNUPf=ASOtY2*X2tY2!kfiY2 
TiP=ATAN2 (FNUM, DEN) 
IF(FNUM. LT. 0.. ANTI. DEN. LT. 0. ) TlZ=T12tTWUPI 
T E R M S = T ~ - T ~ ~ ~ . ~ A K $ ( T ~ - T ~ ~ ~ T ~ - T ~ ~ T ? ~ T R ~ A K * ( T ? ~ T ~ ~ I - T ~ ~ -  
iT1.2) 
GU TO 45' 
48 TERMS=Tl -T2+2.XAK*(T3-T4)  
49 TERMS=-i.LTERMS*DEL 
50 HETIJKN 
END 
APPENDIX E SPECTRAL ANALYSIS FOR TWO-DIMENSIONAL ARRAYS 
OF SPATIAL DATA 
This appendix gives a desc r ip t ion  of  t h e  computational procedure 
t o  ob ta in  energy-spectra from a two-dimensional a r ray  of s p a t i a l  d a t a .  
When a d i s c r e t e  approximation t o  t h e  i n f i n i t e  Fourier  i n t e g r a l  i s  made 
a c e r t a i n  amount of  d i s t o r t i o n  of t h e  t r u e  spectrum i s  unavoidable. 
Close a t t e n t i o n  i s  paid  t o  these  sources o f  d i s t o r t i o n  and methods of  
minimising them. 
E .1  Pre-transformation procedures 
a )  D i g i t i s a t i o n  of t h e  da ta :  The aeromagnetic map of  Whiteford (1976) 
was se lec ted  f o r  d i g i t i s a t i o n .  The map was d i g i t i s e d  on a north-south, 
east-west g r id  a t  an i n t e r v a l  of  2.5 km. The region chosen was a 
125x125 km square and incorporated a l l  of  t h e  major r h y o l i t i c  c e n t r e s  
( f i g .  6.1) giving 2500 d a t a  points  i n  t o t a l .  The d i g i t i s a t i o n  i n t e r v a l  
of  2.5 km r e s u l t s  i n  t h e  h ighes t  frequency ava i l ab le  f o r  s tudy,  t h e  
Nyquist frequency, be ing 0.2 cycles/km. Anomalies of wavelength 5 km 
o r  l e s s  w i l l  be  folded back (a l i a sed)  about t h e  Nyquist frequency. 
Within t h e  Central  Volcanic Region t h e r e  a r e  anomalies with wavelengths 
l e s s  than 5 km. However, a s  t h e  o r i g i n a l  f l i g h t - l i n e  spacing is  o f  t h e  
order  of 5 km, t h e s e  anomalies would no t  be  r e l i a b l y  represented i n  t h e  
hand-contoured map. Furthermore, t h e  purpose of t h i s  analys is  is t o  
determine t h e  base of t h e  magnetic c r u s t  so  t h a t  t h e  degrading o f  
information pe r t a in ing  t o  s h o r t  wavelength (hence shallow) magnetic 
sources does not  s e r i o u s l y  pre judice  t h i s  objec t ive .  Fig. E . l  shows 
a comparison o f  a s e c t i o n  of t h e  o r i g i n a l  magnetic map with a contour 
map, computer drawn, from t h e  d i g i t i s e d  da ta .  Apart from a degree of 

smoothing, inherent in digitising and computer contouring, the main 
anomaly features are well preserved. 
b) Scan for errors: Spikes due to reading or card-punching errors 
will propagate through the spectrum causing spurious output at all 
frequencies (Black and Scollar, 1969). A simple scanning routine was 
used to check for any unacceptable variations between consecutive field 
values; i.e. the rate of change across a row or down any column is 
examined such that any violation of: T - T < AT produces an j+l,i j ,i max 
error message. 
c) Detrending the data: Trends in the data of a wavelength similar to 
or larger than the horizontal dimensions of the map will contaminate the 
low-frequency end of the spectrum. These trends could arise from an 
incomplete removal of the geomagnetic normal field, magnetic edge 
effects of deep sources either side of or under the Central Volcanic 
Region or systematic errors introduced in the digitisation process. 
Using the digitised data set, polynomials of order 0 ,  1 and 2 
were constructed then subtracted from the original data to yield three 
detrended data sets for transformation. 
d) Windowing the data: A full discussion of "window carpentry" is 
given by Bath (1974, p155) and only the basic principles will be 
discussed here. Direct transformation of data is equivalent to applying 
a rectangular spatial window, or box-car window, the frequency response 
of which is a sinc function. This function has a narrow spectral window, 
thus giving high spectral resolution, but large side lobes resulting in 
a large variance. To circumvent this the Hanning window is often used. 
This window tapers the spectral data to zero at the edges and its 
transform has a spectral window width twice that of the rectangular 
window but with smaller side lobes. Hence, resolution is not as good 
but variance is decreased. 
A third window (Bath, 1974, p161) is a combination of the previous 
two and offers a reasonable trade off between variance and resolution. 
This data window, amounting to approximately a 17 percent cosine taper, 
was applied to the data sets in this study. 
e) Padding of the data: A further source of variance in the spectral 
estimation is the partial inclusion of anomalies around the map border. 
To offset this effect an extrapolated data border around the map, five 
grid units wide, was added to the digitised grid. The mean, or D.C. 
component, was subtracted from the extrapolated grid, then the cosine- 
tapered rectangular window described above was applied to the extrapolated 
border. 
Historically, the filtering of gravity and magnetic data was 
carried out by a linear convolution process with a selected set of 
constant coefficients in the spatial domain (e.g. Peters (1949) 1.  With 
the advent of the fast Fourier transform this process can be performed 
more accurately and conveniently by multiplication in the frequency 
domain (Black & Scollar, 1969). 
However, multiplication of discrete Fourier transforms is not 
exactly equivalent to a linear convolution. A sampling of the transform 
implies that the map is periodically extended in space and multiplication 
of the discrete transform is therefore equivalent to circular or periodic 
convolution of the extended map with a set of weights the full size of 
the map. In order to obtain the equivalent linear convolution carried 
out in the spatial domain,the pre-transformed data was padded with zeros 
out to a convenient power of two grid units in each direction; the choice 
of a power of two being necessary for the fast Fourier transform programme 
used in this study. A more detailed account of the techniques to 
eliminate circular convolution is given by Oppenheim & Schafer (1975). 
E.2 Description and l i s t i n g  of the  f a s t  Fourier  transform- 
f i l t e r  package 
Theoret ical  aspects  of the  programme were out l ined i n  chapter  6 
and the  programme used f o r  t h i s  study is  summarised i n  t h e  flow diagram 
of f i g .  E .2 .  I n  t h i s  s e c t i o n  more de ta i l ed  aspects  of the  programme a r e  
ou t l ined  i n  terms of i n p u t  and output  va r i ab les  then concluded with a 
For t ran  l i s t i n g ,  compatible f o r  a  Burroughs 6700, of a  sample programme. 
The programme c o n s i s t s  of four independent u n i t s  comprising a 
main d r i v e r  rou t ine  t o  window t h e  data  p r i o r  t o  transform, transformation 
rou t ines ,  a  s e r i e s  of f i l t e r  rou t ines ,  and var ious  output  rout ines .  
The author i s  indebted t o  M. Rogan (pers .  comm.) of  Auckland Universi ty 
f o r  kindly supplying t h e  f a s t  Fourier  transform rout ines .  The f i l t e r i n g  
subroutines used i n  t h i s  s tudy come from Car te r  & Cook (1978) and t h e  
main d r i v e r  p a r t  of t h e  programme was w r i t t e n  by the  author. A d e t a i l e d  
desc r ip t ion  of the  programme follows. 
1) Main d r i v e r  rout ine :  This rout ine  i n i t i a l l y  removes a regional  
t rend which, i n  the  case of  t h i s  study, cons is ted  of a  polynomial i n  
terms of g r id  u n i t s .  The rou t ine  then ex t rapo la tes  t h e  end values of 
each row and column ou t  t o  a  d is tance  of EX (va r i ab le )  g r i d  un i t s .  The 
mean value i s  then removed from t h e  g r id .  Note t h a t  the  regional  
polynomial removed on t h e  previous s t e p  may have already removed t h e  mean. 
The data  g r i d  i s  then windowed with a cosine-taper window a s  
ou t l ined  i n  sec t ion  E . l .  I f  t h e  user  wishes he may now p r i n t  o u t  t h e  
modified data  g r i d  f o r  inspect ion .  The g r i d  is  then padded o u t  with 
m m 
zeros  t o  a  dimension of 2 by 2 where m i s  some in tege r .  
TWO-DIMENSIONAL FAST FOURIER TRANSFORM (FFT.-201 
I ex t rapo la te  and cosine ( 
n e a n  of 1 2-U1 . ,  , I t a p e r  a l l  rows & columns./ , I ~ e m o v e  I
---- L : -  - 
Det rend ing rout ine  w i t h  
array : scan rounne smoo t h  co,rners. 
for spi kes(errors 
I low -order polynomials . I 
7 1 d a t a .  
Reverse F. F.% 
output F'(IX, I Y )  
I 
I lfiltered I t I H i  p a s s ,  Lopass 1 ] 
b band pass M 
Reduce t o  the  
C o n t o u r  f i l t e r e d  
Up or  downward 
Z - in tergra  l 
( pseudo g r a v i t y )  
I Ca l cu la te  amplitude spectrum: I 
Calculate r a d i a l  average 
o f  ene rgy  spectrum : , 
Fig.  E.2 Flow diagram i l l u s t r a t i n g  t h e  working of t h e  two- 
dimensional Fast  Fourier  Transform programme. 
Input  va r i ab les  f o r  main d r ive r :  
f i r s t  da ta  card: A = d i g i t i s a t i o n  i n t e r v a l  i n  X-direction (km) 
B = I1 11 11 y- 11 11 
LX = da ta  length i n  X-direction (g r id  u n i t s )  
L y =  " 11 11 y- 11 11 
M = power of two f o r  which g r i d  i s  t o  be padded t o  
EX = length  of extrapolated border (gr id  u n i t s )  
REG = card containing polynomial expression f o r  regional  f i e l d .  
F(LX,LY) = o r i g i n a l  da ta  g r i d  e i t h e r  read from cards o r  from computer f i l e .  
Output var iables :  LY = LX = dimensions of modified da ta  gr id .  
F (LX,LY) = modified da ta  g r id .  
Subroutines ca l l ed  i n  main d r ive r :  
(a)  Subroutine FMEAN (LX,LY,F,SUM,EX) 
p-- 
(b) Subroutine TAPER ( I2 ,XrNrI)  
Input va r i ab les :  12 = l a s t  g r i d  loca t ion  i n  t h e  row o r  column of 
t h e  cosine t ape r .  
X = ext rapola ted  g rav i ty  value a t  column o r  row 
loca t ion  I 
N = switch 1 i f  l a s t  value t o  be tapered = 1 
-1 i f  l a s t  va lue  t o  be tapered = 0 
I = g r i d  loca t ion  of  value t o  be  tapered.  
( c )  Subroutine EBORD (X,  J ,L ,  J2  ,L2) 
This subroutine makes a two-dimensional h a l f  cosine b e l l  t a p e r  
t o  t h e  corners of t h e  ext rapola ted  g r id .  Input  va r i ab les :  
X = d i g i t i s e d  da ta  value a t  g r i d  loca t ion  (L,J)  
L = column g r i d  loca t ion  
J = row g r i d  loca t ion  
J 2  = l a s t  row g r i d  loca t ion  of t h e  corner of t h e  
non-extrapolated d a t a  
L2 = last column grid location of the corner of the 
non-extrapolated data. 
Output: X is tapered digitised value. 
Note: This routine is called four times; once for each corner of 
the array. 
2) Transformation subroutines 
Subroutine SINTAB (LX, SX) 
m 
Input variables: LX = 2 
Comments: This routine sets up a sin table of values to be stored in 
memory for use in subroutine TRNS2D. It is called twice: once for LX, 
once for LY . 
Subroutine ,TRfJS2D (LX ,LY, F, G, SIGNI) 
Input variables: F(LX,LY) = real part of array to be transformed. 
G(LX,LY) = imaginery part of array for transformation 
SIGNI = 1 for forward transformation 
= -1 for reverse transformation 
Output : F(LX,LY) = real part of transformed array. 
G(LX,LY) = imaginary part of transformed array. 
Required subroutines that are called by TRNSZD: FURRY, VTOM, MTOV. 
Comments: This subroutine calculates the two-dimensional Fourier 
transform by repeated application of a one-dimensional transform to the 
complex array F (L, J) + iG (L, J) . 
3 )  Filter subroutines: Subroutine FILTER acts as controlling element 
for subsequent calls to various filter subroutines. 
Subroutine FILTER(N1,N2,TVR1TVI) 
Input variables: N1 = number of rows in transformed array 
N2 = number of columns in transformed array 
TVR = real transformed array values 
TV1 = imaginary transformed array values. 
Other internal variables: f2 and fl are variables which convert column 
and row grid locations into spatial frequencies (cycles/grid unit). 
Output variables: TVR are the filtered real array values. 
Subroutine REDPOL(FE,FN,TR,TI): This filter produces a magnetic anomaly 
field that would result if the source bodies, which are originally 
assumed to be magnetised in the direction of the earth's field, were 
vertically magnetised. The real and imaginary parts are multiplied 
by the factor: 
+ -2 (sin (I) + icos (I) (f cos (D) + f sin (D) / (f: + f 2, ) 
X Y Y 
where I and D are the inclination and declination, respectively, of the 
earth's magnetic field for the survey area; fx and f are the spatial 
Y 
frequencies and i is the square root of -1. 
For this study I and D were taken as -60' and 0' respectively. 
Subroutine STRTUM(Fl,F2,RRrRI): This filter calculates the vertical 
integral factor by multiplying the transformed data by: 
'5 grid interval (km) /2n (f: + f:)
To calculate the pseudogravity field the transformed data is further 
multiplied by GAp/AM; where G is the gravitational constant, Ap is the 
assumed density contrast and AM the magnetisation contrast throughout 
the source body. When calculating the pseudogravity field a call to 
REDPOL must precede the call to STRTUM. 
Subroutine CONTIN(H,FE,FN,TR,TI): This filter calculates the upward 
(H-negative) or downward (H-positive) continuation field by multiplying 
the transformed data by exp (2nH (fx2 + f 2, ) . H - in grid units. 
Y 
4) Output routines 
Subroutine AMP2(LXfLY,£,G.D): Calculates the natural log of the power 
- 
spectrum, i.e. D = Ln((Fi-iG)x(F-iG)). Writes out for inspection the 
real and imaginary parts of the transformed array (optional). 
Subroutine RADAVG(LX,LY,~U,D): Calculates and writes out the radial 
average of D(L,J) averaged over 180'. A call to AMP2 must precede 
this subroutine. 
Subroutine OUTPUTCLX,LY,NS,A,B,H,~) : A general output routine for writing 
out the real and imaginary parts of the transformed field if called after 
one call to TRNS2D. If called after the second call to TRNS2D will 
output the filtered spatial field. 
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Table E.1 Listing of the Fast Fourier Transform programme used in this study. 
J S C T  L SLO LINEI~FG 
F I L E  ~ ~ ( T I T L L ~ " M P T F I T " P K I ~ C ~ D I S K I M A X ~ ~ E C S I ~ E ~ ~ O * ~ L O C U ~ I ~ ~ ~ ~ U O J  
D ~ * E ~ S I U N  F ( 1 2 a r 1 2 8 ) ~ b ( l ? 8 ~ 1 2 8 ) ~ C C 1 2 6 ~ 2 a )  
c u n r c n  S X ( I Z E ) D S Y C ~ ~ C !  
h c A 3 (  J P ~ )  P . f i r L X # L Y r  ur t K  
1 F S R M A T ( L F ~ * ~ P ~ I U )  MAIN D R I V E R  
Gb 1 0  J = l r L Y  
F ~ ~ U ( ~ * L ) ( F ( L + E X , J + L X ) , L = ~ * L X )  
1 0  C b % T I N U c  
2  F u Y n A T ( 1 3 F b . l )  
~ E M P V ~  R L G I O ~ A L  TRLND ' PLANE S U U F A i t l  sEG'A+R*X+C* 
vii 3, L - l P L X  
0 0  36  J a l r L Y  
~ E L ~ ' 1 1 9 . b 3 + . 7 F 3 U * L * . 6 4 4 3 * d j  
~ ( L + ~ X D J + E X ) = F ( L * E > D J * L X ) - R C ~  
3 6  C d h T I N U r  
35 CJiuTl iuUc 
L X T ~ A P U L A T E  5 GRID U~ITS EACH ENG OF FOnS & N u  COLS 
G O  3 L = r X + l , E X * L X  
C u  4 u = i l E x  
F ~ L I J ) = F ( L * ~ + E Y I  
4 Cu ivT I i vUr  
0 0  3 J = ~ + E X + L ~ , L ~ * ~ * E X  
F ( L I J ) = ~ ( L P L Y + E X )  
3  CONTINUL 
D u  5 J = I P L Y + Z * E X  
CU o L'LDEX 
F ( L P J J = F ( ~ + E X I J )  
6  CCNT1;rUt  
u O  5 L = I + L X * E X P L X + ~ * E <  
F & L P J J = F ( L X + E X P J )  
5 C u ~ T I r i u r  
n t r U V E  OL VALUE FROV G h t 4  
C A L L  F M L ~ ~ ( L X P L Y ~ F , ~ U C ~ L X )  
C G b I N i  TAPEH ALL  POhS IN DATA G h I O  
DU 7 J z l *  XILT+LX 
0 6  6 L = l r E n  
CALL  T A ? E P ( E X D F ( L D J ) P ~ P L )  
e C L ~ N T I N U C  
CO 7 L = L X + E X + ~ S L X * Z * E X  
CALL T A V E R ( L Y * Z * E X P F ( L P J ) ~ - ~ ~ L )  
7 COIvTIidUc 
C O S I N t  TAPER ALL  COLS I k  DATA G h I D  
Cu Y L=l+EZ,LX+EX 
Ci l  2 0  J * l r E X  
C A L L  T A P E R ( E X P F ( L P J ) P I B J )  
20 CONTINUr  
U U  P J-LY+EX+I.LY+Z*EX 
CALL T A P E R ( L X + ~ * E X P F ( L , J ) ~ ' ~ ~ J )  
9 CGNTINUL 
P U T  C U S ~ N E  TAPEP I N  EXTRIPOLATEC CORNERS OF G ~ I J  
L 0  11 J - l p E X  
DU 1 2 . L . l r E x  
C A L L  L B ~ R D ( F ( L P J ) P J D L P ~ + E X P I + E X )  
1 2  C G N T I I ~ U ~  
C J  11 L = L X + E X + l r L X + 2 * E &  
C A L L  t 3 u ~ ~ ( ~ ( ~ ~ ~ ) ~ ~ ~ ~ ~ 1 + E X ~ ~ X + E X )  
FOI~*ATCIX#'GRID P A R A M E T ~ R S  L ~ = i * * l c  
L Y = 2 * * Y  
h h l T E  ( 0 ~ 1 0 1 )  L X P L Y  
FUNMAT ( 2 1 4 )  
a R i 0  HAS NON B E E N  PAODkO OUT 
CALL S I h T A B ( L X r S X 1  
C ~ L L  I N T A B C L Y ~ S Y J  
CALL  ? RNS~D(LXPLYPFBGI~.O) 
CALL  F A L T E R  ( L X S L Y P F P G J  
CALL ANP~(LXPLYSFIGPC) 
L A L L  ~ADAVG(LXPLYISUPO) 
CALL  T R ~ S ~ O < L ~ D L Y P F P G P ' ~ . O )  
C A L L  O U T P U T ( ~ G P ~ O P O P A D ~ P O I F  
C O  22 1 ~ = 1 ~ 6 0  
~ ~ I T C ~ ~ ~ ~ Z ) ( F ( I X P I Y ) P I X = ~ P ~  
C i r ; u T I a y ~  
L u C ~  1 
STOP 
t N 0  
~ R E ' 0 6 F 4 . 1 )  
W I T H  ZEROS TOL* rM BY 
S U B R O U T I N E S  
-. . - 
Table E.2 - continued 
SUaROUTINE FHEAN(LXrLY,FrSUMrEX)  
DIMENIIUN F ( 1 2 8 r 1 2 8 )  
SuM.0 
G O  5  L a I # L X * 2 * E X  
DO 5 J* l r L Y * 2 + E X  
S U M P > U M + F C L ~ J )  
C L I N T I N U ~  
SUM * S U M / F L O A T ( ( L X + ~ + C X ) * ~ L Y + Z * E X J ~  
Eb 1 s=t:t;:P:E; 
~~~~~~~F(LpJ)-SUM - 
C 3 N T I N U L  
h a I T E C 6 r 3 5 )  SUM 
F O R # A T ( ~ X P ' D C  VALUE OF DATA I S ' r F 7 . 2 )  
FETURN 
W) -- 
S U U ~ O U T I N E  C O N T I Y ~ H B F E , F N D T R P T I )  
+ n  FOK U P * A R O S  C Q N T I ~ ~  , -11 FOR UUWFtw4nDS C O N T I N  
n  I l r  u l v I T s  OF G H I U  1 , rTEaVAL 
-* Isklul 592654;  . - .  ..... - .  .- - -- - - 
F A C = E A ? ( ~ . * ? I * S ~ ~ T ( F E * * ~ + F ~ * * ~ ) * M )  
Td=TH*?.4C 
T I = T I t t A C  
SUBROUTINE S T R T U M ( F  
DATA b R I D / 2 . 5 /  
? 1 = 3 * 1 4 1 5 9 2 6 5  - 
RI.O1O 
F = b Q R T ( F 1 * * 2 + F 2 * * 2 1  
I F C F - L T . 1 E - 5 )  GO TO l 
+?R=cRLD/(Z.O*PI*F)  
RETURN 
l RR.O.0 
nETURN 
SUBROUTINE AMP~CLXPLYPFPGIDI 
D IMENSION f ( 1 2 9 r 1 2 8 ) r ~ ~ 1 2 8 r 1 2 8 ~ r D ( l 2 8 r 1 2 8 )  
GO 22 J = l r l b  
k~ITE(6r2lltFCLrJJrLllr16) 
5: FCSL:YY!xr D O  2 3  J.1016 l s ~ 8 . 0 1  
- W R I T E C ~ P  I ) ( G I L r J > r L = 1 , 1 6 )  
2 3  CO~TINUZ 
C O  10 I = l r L X  
D 0  L0 J s l r L Y  
I F ( F ( I P J ) * G ( T ~ J I )  2 r 1 0 . 2  
2 G ( I s J > = A L O G ( F ( I ~ J ~ ~ + ~ * G ( I ~ J ) * * ~ )  
1 0  CGNTINUC 
ELTURN 
E h 0  
Table E.  2 - continued 
APPENDIX F DATA AND INTERPRETATION OF A LONG-RANGE, SEISMIC 
REFRACTION EXPERIMENT W I T H I N  THE CENTRAL VOLCANIC 
REGION 
F. 1 Int roduct ion  
I n  February 1982 t h e  w r i t e r  pa r t i c ipa ted  i n  a  seismic r e f r a c t i o n  
experiment c a r r i e d  o u t  by ~ e o p h ~ s i c s  Division o f  t h e  D.S.I.R. The 
experiment was reconnaissance i n  nature,  the  prime aim of the  experiment 
being t o  a s c e r t a i n  t h e  f e a s i b i l i t y  of propagating seismic energy over 
l a r g e  d is tances  through t h e  Centra l  Volcanic Region. The experiment 
cons is ted  of  th ree  a r t i f i c i a l  explosions (one 136 kg and two 410 kg 
charges) f i r e d  from t h e  s h i p  R.N.Z.N. "Tui" a t  pos i t ions  west of  White 
I s l and  a s  shown i n  f i g .  F.1. 
Microearthquake recorders  were l a i d  o u t  on a  l i n e  from the  
greywacke outcrop a t  Otamarakau, south t o  Lake Taupo wi th  a  spacing 
between seismographs of about  10 km. An i n i t i a l  examination of the  
records showed t h a t  f o r  shot-detector  d is tances  g r e a t e r  than 80 km t h e r e  
was a  severe  a t t enua t ion  of seismic enerqy and many o f  t h e  a r r i v a l s  
could n o t  be r e l i a b l y  picked because of a  high l e v e l  of background noise.  
However, energy from Shots 2 and 3  w a s  recorded on seismographs of 
t h e  New Zealand Seismograph Network a t  Karapiro (KRP), Great Bar r i e r  
I s land (GBZ) , Whakatane (WTZ) and Gisborne ( G N Z ) .  The i n t e r p r e t a t i o n  
t o  be  presented here  i s  a  prel iminary s t r u c t u r a l  one, and i s  based on 
a r r i v a l s  a t  the  above s t a t i o n s  of  t h e  New Zealand Network a s  well  a s  
a r r i v a l s  a t  t h r e e  temporary s t a t i o n s  t h a t  were placed along t h e  Rotoehu 
seismic l i n e  (S ta t ions  OTA, TYY,  and ROT i n  Fig. F .1) .  Data from these  
t h r e e  por tab le  s t a t i o n s  were used because i) t h e  s t a t i o n s  were wi th in  
80 km of t h e  sho t ,  and the re fo re  gave good impulsive a r r i v a l s ,  and 
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~ i g .  F.l Diagram showing the shot and seismograph station distribution 
for the long-range seismic refraction experiment. 
ii) correct ions  f o r  t he  supe r f i c i a l  low-velocity volcanic rocks could be 
made f o r  these  s ta t ions  based on t h e  i n t e rp r e t a t i on  gained from the  
Rotoehu seismic data  (see  Chapter 5 ) .  
F.2 Data 
-
Table F . l  gives the  observed and corrected travel-time data  from 
the t h r ee  shots.  The shot  and s t a t i o n  corrections given i n  Table F.1 
were made so a s  t o  place shots  and detectors  on a datum 650 m below 
sea l eve l .  For s t a t ions  TYY and ROT an i n i t i a l  correct ion,  which i s  
incorporated i n  t he  s t a t i o n  correct ion,  was nade t h a t  replaces  a 1.8 k m  
th ick  sec t ion  of low-velocity volcanic rocks (average ve loc i ty  of 3 km/s) 
by rocks of veloci ty  5.0 km/s. A s imi la r  correction f o r  the  Tert iary- 
Quaternary sediments beneath t he  Gisborne s t a t i o n  was a l so  made. 
Grindley (1960) provides a geological  cross-section f o r  a SE-NW l i n e  
50 km t o  t he  south of Gisborne showing 9 km of Tertiary-Quaternary 
sediments. The veloci ty  va r i a t i on  with depth within t h i s  sedimentary 
p i l e  i s  unknown although Garrick (1969) f inds  t h a t  near surface  Ter t iary  
sediments from the  Bast Coast have seismic ve loc i t i e s  of 2.0-3.0 km/s. 
It i s  unl ikely ,  however, t h a t  these  near surface ve loc i t i e s  w i l l  p e r s i s t  
t o  depths of 9 km. Accordingly it i s  assumed, f o r  t he  purpose of making 
a correct ion t o  the  a r r i v a l  tin-es a t  Gisborne, t h a t  t h e  sedimentary p i l e  
a t  Gisborne is equivalent t o  a 5 km th ick  sect ion of average ve loc i ty  
3.5 km/s. 
A preliminary time-distance p l o t  showed t h a t  da ta  from Shots 1 
and 3, f o r  s t a t i ons  within a shot-detector range of 80 km, can be  
described by a s t r a i g h t  l i n e  of t h e  form: t ime(s )  = (d is tance  (km) /6.17) + 
1.24 whereas data  from the  same s t a t i o n s  f o r  Shot 2 a r e  described by: 
time = (distance/6,19) + 0.77. Thus the re  was a delay of about -0.5 S f o r  
Station and elevation -> OTA (122m) TYY (152m) ROT (560111) KRP (60m) WTZ (43m) GNZ (30m) GBZ (70m) Sonobuoy (0) 
Stl0 t 1: 
Arrival time (h S )  1920 25.15 1920 26.53 -- - 1920 25.03 -- -- W 
Shot correction (S) -0- 33 -0.33 -0.33 
Station correction (S) -0.1 -0.40 -0.1 
Shot ins tants :  
Shot 1 1400(hr) 13.94(s) N.Z.D.T. (16/2/82) 
Shot 2+ 0701(hr) 4.6(s) N.Z.D.T. (17/2/82) 
Shot 3 1900(hr) 11.56(s) N.Z.D.T. (l7/2/82) 
1 Corrected t ravel  time (S)  10.78 11.82 10.66 I 
Distance (km) 58.6 65.2 58.0 I * -Shot 2 time was deduced from those of 
Shot correction (S) -0.34 -0.34 -0.34 -0.34 -0.34 -0 34 -0.34 -0.34 ( Water depths beneath nhots of 650, 688 
Shot 2: 
Arrival time (h S)  0701 16.50 0701 17.90 0701 19.FP 0701 27.68 0701 16.50 0701 34.65 0701 33.91 
l Station correction (S)  -0.1 -0.40 -0.35 -0.1 -0,l -0.72 -0.1 -0.32 I and 46810 below sea l eve l  f o r  shots 1, 2 . 
Shot 1 and 3 a s  explained i n  the text.  . 
Shot depths a l l  a t  15Om below sea level .  
Corrected t r ave l  time (S) 1 Distance (km) 62.8 69.9 76.5 141 .O 63.6 161.0 192.2 10.4 
Shot: 
Arrival time (hr S)  l900 21.03 l900 22.28 l900 23.46 1900 32.98 1900 21.27 19004Q.03 -- 
I and 3 respectively.  
I Shot correction (S) -0.25 -0 25 -0.25 -0.25 -0.25 -0.25 -0.25 I 
Stat ion  correction (S)  -0.1 -0.40 -0.45 -0.1 -0.1 -0.72 
Corrected t ravel  time (S)  9.10 10.05 11.20 21.07 9-36 27.50 
Distance (km) 48.0 54.1 61.5 130.0 50.0 153.5 
Shot correction places shots a t  an elevation of 650m below sea level .  
S ta t ion  correction places s t a t i ons  a t  an elevation of 650m below sea l eve l  
and f o r  those s t a t i ons  not s i tua ted  on greywacks makes an appropriate correc t ion  
f o r  any low-velocity rocks t h a t  may be present.For TYY and ROT 1.8 km of low-velocity 
(3.0 kmls) volcanics were assumed and f o r  CNZ 5 km of Tertiary-'&aternary sediment0 
Shot 1 consisted of 136kg of explosives 
1 
- 1 
Shots 2 and 3 consisted of 410kg of explonirea 
Table F . l  Travel-time d a t a  f o r  t h e  
Bay of Plenty seismic 
r e f r a c t i o n  survey. 
(average velocity 3.5 kmls) were assumed. 
a r r i va l s  from Shot 2 with respect  t o  a r r i v a l s  from Shots 1 and 3 a t  
a shot-detector range of 50-80 km. Shot 2 was s i tua ted  the  fu r the s t  
offshore and contributions t o  t he  delay could be due t o  an excessive amount 
of sediments beneath Shot 2 o r  an e r ro r  i n  e i t he r  determining t h e  posi t ion 
of the shot  o r  t he  timing of t he  shot  i n s t an t .  I n  order t o  make the  
a r r i va l s  from Shot 2 compatible with those from Shots 1 and 3 ,  0.5 S was 
added t o  a l l  a r r i v a l s  from Shot 2. 
F. 3 In te rpre ta t ion  
Fig. F.2 shows a l l  f i r s t  a r r i v a l  data  plot ted on a s i ng l e  time- 
distance graph. A fundamental assumption i n  the  in te rpre ta t ion  of these 
data is t h a t  t he  subsurface ve loc i ty  s t ruc tu r e  can be approximated by 
a s e r i e s  of i soveloci ty  layers  with t h e  veloci ty  of successive layers  
increasing with depth; accordingly s t r a i g h t  l i n e  segments were f i t t e d  
t o  the  data  a s  shown. The inverse gradients of these s t r a i g h t  l i n e  
segments give apparent ve loc i t i es ;  t o  obtain t r ue  ve loc i t i es  reversed time- 
distance data would be required, Because no reversed data a r e  avai lable  
it i s  necessary t o  assume t h a t  the  inverse gradients of these  s t r a i g h t  
l i n e  segments represent the  t r u e  ve loc i t i e s  of a s e r i e s  of hor izontal ,  
subsurface isoveloci ty  layers,  The time in te rcep t  method (Dobrin, 1976) 
was used t o  obta in  estimates fo r  depths t o  the  various isoveloci ty  layers .  
Uncertainties fo r  t he  ve loc i t i es  were calculated a t  t he  90% confidence 
l eve l  by the  method of Ste inhar t  and Meyer (1961). Uncertainties were 
a l so  calculated f o r  the  in te rcep t  times, and the  uncer ta in t ies  i n  the  
depth calcula t ions  were estimated on t h e  ba s i s  of the  uncertainty i n  the  
in te rcep t  time. 
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Fig. F.2 Time-distance data and interpretations 
of the seismic refraction data. An 
explanation for each of the four inter- 
pretations is given in the text. 
L 
3.2 kmls 
6 .16  2 -04 kmk 
Pn = 7.4 *-l kmh 
J 
2.4 - 
15.2 
21.5 
3.2 kmls  
5.81 2.15 kmls 
The time in te rcep t  of 1.27 S f o r  the  l i n e  segment with an inverse 
gradient  of about 6.2 km/s i s  due t o  the  sum of delay times a t  t he  
shot and a t  the  detectors ;  these delays being caused by an unknown 
thickness of rocks with ve loc i t i es  l e s s  than 6.2 km/s beneath both 
the  shot  and detectors.  By in te rpre t ing  the  data  i n  terms of uniform 
isoveloci ty  layers  we a r e  effect ively  d i s t r i bu t i ng  the  delay time (or  
time in te rcep t )  of 1.27 S evenly between the  shot  and detectors.  I n  
r e a l i t y ,  however, the  respective delay times a t  the  shot and the detectors  
may not  be equal, A t  the  shot  end there  i s  an unknown thickness of 
sediments whereas beneath the  detectors  the re  a r e  no sediments ( f o r  
the  two s ta t ions  t h a t  were s i tua ted  on low-velocity volcanic rocks 
appropriate corrections were made (sect ion F . 2 ) )  but  the  rocks t h a t  the  
detectors  were placed on have near-surface ve loc i t i e s  l e s s  than 6.2 km/s. 
Hence the  2.4 km th ick ,  3.2 km/s l ayer  has been introduced t o  simply 
account fo r  the  t o t a l  delay-time bu t  can only be considered an 
approximation t o  the  realnear-surface veloci ty  s t ructure .  However, 
t h i s  approximation i n  the  models w i l l  not appreciably a l t e r  t he  pr incipal  
conclusions of the  following in te rpre ta t ions .  
Fig. F.2 shows four plane-layer in te rpre ta t ions .  
Solution 1: This i n t e rp re t a t i on  projects  a l l  a r r i v a l s  from ray paths 
t h a t  have traversed beneath the  Central Volcanic Region onto one s e r i e s  
of s t r a i g h t  l i n e  segments, Impl ic i t  i n  doing t h i s  i s  the  assumption 
t h a t  t h e  velocity s t ruc ture  of the  Central Volcanic Region does not  vary 
l a t e r a l l y ,  However, t he  ray path t o  s t a t i o n  GBZ l i e s ,  i n  pa r t ,  beyond 
the  seaward project ion f o r  t he  western boundary of the  Central Volcanic 
Region. Therefore Solution 1 may not be a  s t ruc tu r e  t h a t  pe r ta ins  
s t r i c t l y  t o  the  Central Volcanic Region. 
Solution 2: This in te rpre ta t ion  uses the  same s ta t ions  a s  used f o r  
Solution 1 l e s s  GBZ. Ray paths from the  various shots t o  the  s t a t i ons  
used i n  t h i s  i n t e rp re t a t i on  would have t raversed,  fo r  the  most pa r t ,  
within t he  Central Volcanic Region. The ve loc i ty  of the  deepest l ayer  
i s  7.3 km/s and t h i s  i s  i n  good agreement with t he  7.4 km/s veloci ty  
of Pn determined by Haines (1979) fo r  the  Region. However, the  7.3 km/s 
veloci ty  has a  l a rge  uncertainty of k0.8 km/s because t he  determination 
was made on j u s t  th ree  widely-separated points.  
Solution 3: This so lu t ion  i s  arrived a t  by adopting the  veloci ty  fo r  
Pn of 7-4 km/s and then using the  a r r i v a l  times a t  Karapiro t o  
determine the  depth a t  which the  top surface of the  7-4 km/s layer  l i e s .  
That is ,  a  l i n e  of gradient  (7.4 km/s)-l was drawn through a  point  
midway between t he  Karapiro a r r i va l s  and projected back t o  the  dis tance 
ax i s  so a s  t o  obtain a  time in te rcep t .  
Solution 4: This is  an in te rpre ta t ion  made f o r  a  ray path between t h e  
shot  points and Gisborne. Using the  a r r i v a l s  a t  t he  sonobuoys and 
Gisborne from Shot 3, a  s t r a i g h t  l i n e  seqment of inverse gradient  
5.81 km/s i s  derived. Solution 4 i s  then arr ived a t  by adopting 
8 .1  km/s as  the  veloci ty  of Pn within the  Whakatane-Gisborne area 
(Haines, 1979) and assuming t h a t  t he  c r i t i c a l  distance fo r  a  re f rac t ion  
from the  8.1 km/s l ayer  i s  a t ,  o r  a f t e r ,  161 km ( the  distance of Shot 2 
t o  Gisborne) . With t h i s  assumption, and t h a t  of horizontal  i soveloci ty  
layers ,  it can be calculated t h a t  the  c ru s t  i s  a t  l e a s t  35 km th ick  a t  
a  point  midway between t h e  shot points and Gisborne. 
It should be noted t h a t  a  large  gravi ty  gradient  ex i s t s  between 
Whakatane and Gisborne and therefore the  assumption of horizontal  
isovelocity layers  f o r  t h i s  area may not be r e a l i s t i c ;  Solution 4  should 
be viewed with t h i s  borne i n  mind. 
F - 4  Conclusions 
The r e s u l t s  of t h i s  one-way seismic r e f r a c t i o n  experiment a r e  
in te rp re ted  t o  show t h a t  t h e  top  su r face  of a 7.3-7.7 km/s l aye r  e x i s t s  
a t  a depth of  about 15 km beneath t h e  Centra l  Volcanic Region. Because 
the re  were only a few seismograph s t a t i o n s  beyond t h e  c r i t i c a l  distance,  
the  v e l o c i t y  and depth t o  t h i s  l a y e r  a r e  no t  wel l  constrained by the  
seismic r e f r a c t i o n  data  alone. However, Solut ion 3 ,  which is  based on 
Haine's determination of t h e  ve loc i ty  f o r  Pn, i s  considered more 
r e l i a b l e  than Solut ion  1 o r  2 because: i) t h e  uncer ta in ty  i n  h i s  
ve loc i ty  determination i s  l e s s  than those derived from t h e  r e f r a c t i o n  
data  and, ii) h i s  ve loc i ty  determination i s  based on more o r  l e s s  
reversed t ravel - t ime data ;  i . e .  f o r  ray  paths t h a t  passed beneath CNZ 
t o  KRP and WTZ t o  CNZ (see  Fig. F .1 ) .  
The r e l a t i v e  "speed-up" f o r  t h e  ray  path t o  Karapiro, with 
respect  t o  t h a t  t o  Gisborne, i s  about 3.5 S a t  a d i s t ance  of 150 km 
(Fig.  F.2) . A s i m i l a r  phenomenon was noted by L a t t e r  (1979) f o r  
a r r i v a l s  recorded a t  Mangahao and Karapiro associa ted  with t h e  1969 
eruption of M t  Ruapehu. He found t h a t  " . . . there  is  a r e l a t i v e  speed-up 
on the  path  nor th  t o  Karapiro of  2.5 S compared with t h e  path south 
t o  Mangahao." These two s t a t i o n s  a r e  both s i t u a t e d  almost exact ly  
150 km from M t  Ruapehu (Fig. F .1) .  This r e l a t i v e  speed-up i s  s i m i l a r  
t o  t h a t  observed f o r  t h i s  experiment, and can be  explained by a ray path 
from M t  Ruapehu t o  Karapiro which, f o r  t h e  most p a r t ,  t raversed  along 
the  t o p  of  a 15  km deep, 7.4 km/s l a y e r  a t  the  western margin of  t h e  
Central  Volcanic Region, 
The p r i n c i p a l  conclusions ar r ived a t  from t h i s  r e f r a c t i o n  
experiment are :  
(i) The 7.3-7.7 km/s l aye r  i s  here  i n t e r p r e t e d  a s  representing 
an anomalous low-velocity, and therefore  low-density, upper mantle f o r  
t h e  Centra l  Volcanic Region. The t h i n  c r u s t  f o r  t h e  Region, a s  deduced 
by t h i s  seismic experiment, provides a s u i t a b l e  mechanism by which the  
low-density mantle and s u p e r f i c i a l  low-density volcanic rocks a r e  i so-  
s t a t i c a l l y  compensated. 
(ii) It was noted i n  sec t ion  2.1.3 ( f i g .  2.5) t h a t  Woollard (1970) 
had found a systematic r e l a t i o n s h i p  between depth t o  t h e  mantle (Hm) 
and seismic ve loc i ty  of t h e  upper mantle (Vrn). H i s  r e l a t ionsh ip ,  which 
i s  based on over 100 d a t a  po in t s  from s t u d i e s  made i n  North America, is:  
Hm(km) = (Vm (km/s) - 7.95) 33.2 + 34. I n s e r t i n g  a value of  
Vm = 7.4 km/s i n  t h e  above equation gives Hm = 15.7 km which i s  a 
r e s u l t  t h a t  i s  i n  c l o s e  agreement with what i s  found here  f o r  the  
Centra l  Volcanic Region. Thus t h e  r e l a t i o n s h i p  of  Woollard may have an  
a p p l i c a b i l i t y  which extends beyond the  con t inen ta l  s t r u c t u r e  of North 
America. 
(iii) The geometry of  t h e  survey was such t h a t  t h e  ray paths  
between t h e  sho t s  and t h e  seismograph s t a t i o n s  (except  Gisborne) 
t r ave r sed  beneath an a r e a  which, f o r  the  most p a r t ,  was wi th in  
t h e  Central  Voldanic Region b u t  outs ide  o f  t h e  Taupo Volcanic Zone 
(Fig .  F.1) . However the  very low values f o r  t h e  v e l o c i t y  of  Pn were 
a l s o  found by Haines (1979) f o r  a ray path  t h a t  passed beneath the  
Chateau and Whakatane S t a t i o n s  - i . e .  a ray  pa th  t h a t  would have 
t r ave r sed  e n t i r e l y  beneath t h e  Taupo Volcanic Zone. Hence it appears 
t h a t  it i s  t h e  whole of t h e  vee-shaped Centra l  Volcanic Region (Fig-  F.11, 
which includes t he  Taupo Volcanic Zone, t h a t  i s  characterised by a low- 
ve loc i ty ,  low-density upper mantle, and therefore by deduction, a 
t h i n  c ru s t .  This i s  i n  accordance with the  gravity models presented 
previously. 
Adams, C.J.D.,  1975. New Zealand potassium-argon age l i s t  -2. 
N.Z .  J. Geol. Geophys., 18: 443-467. 
Adams, C.J.D., Wodzicki, A.  & Weissberg, B.G., 1974. K-Ar da t ing  of 
hydrothermal a l t e r a t i o n  a t  t h e  Tui Mine, Te Aroha, New Zealand. 
N.Z .  Joul .  of Science,  17: 193-199. 
Adams, R.D. & Hatherton, T . ,  1973. Seismological and geothermal research 
i n  New Zealand. Nature, 246: 262-264. 
Adams, R.D. & Ware, D.E . ,  1977. Subcrustal  earthquakes beneath New 
Zealand: loca t ions  determined with a l a t e r a l l y  inhomogeneous 
ve loc i ty  model. N.Z .  J .  Geol. Geophys., 20: 59-83. 
A l l i s ,  R.G., 1979. Heat flow. In :  S c i e n t i f i c  excursion A5, volcanic 
and geothermal a reas  o f  t h e  North Is land,  New Zealand, Compiler 
M .  P. Hochstein & T. M. Hunt, Roy. Soc. N . Z . ,  Wellington, p.49. 
Anderson, R.N.,  1975. Heat flow i n  t h e  Mariana marginal bas in .  
J. Geophys. Res., 80: 4043-4048. 
Anderson, R.N., Uyeda, S .  & Miyashiro, A . ,  1976. Geophysical and 
geochemical c o n s t r a i n t s  a t  converging p l a t e  boundaries. 
P t .  I: Dehydration i n  t h e  downgoing s l ab .  Geophys. J . R .  
a s t r .  Soc., 44: 333-357. 
Andrews, D . J .  & Sleep, N.H. ,  1974. Numerical modelling of t ec ton ic  
flow behind i s l and  a r c s .  Geophys. J.R. a s t r .  Soc., 38: 237-254. 
Artemjev, M.E. & Artyushkov, E.V., 1971. S t ruc tu re  and i sos tasy  of 
t h e  Baikal R i f t  and t h e  mechanism of r i f t i n g .  J. Geophys. Res. 
76: 1197-1212. 
Artyushkov, E.V. ,  1974. Can t h e  e a r t h ' s  c r u s t  be  i n  a s t a t e  of 
i sos tasy?  J. Geophys. Res. 79: 741-752. 
Ballance, p.F., 1976. Evolution of t h e  upper Cenozoic magmatic a r c  
and p l a t e  boundary i n  northern New Zealand. Ear th  p lanet .  
Sc i .  Le t t . ,  28: 356-370. 
Banerjee, B. & Gupta, S.K., 1975. Hidden l a y e r  problem i n  seismic 
r e f r a c t i o n  work. Geophys. prosp. 23: 642-652. 
Banwell, C . J . ,  1963. Thermal energy from t h e  e a r t h ' s  c r u s t :  
in t roduct ion  and p a r t  1. N.Z. J .  Geol. Geophys., 6: 52-69. 
Bar re l ,  J. ,  1914a. The s t r e n g t h  of  t h e  e a r t h ' s  c r u s t ,  5. 
J. Geol., 22: 441-468. 
Bar re l ,  J., 1914b. The s t r e n g t h  of t h e  e a r t h ' s  c r u s t ,  6. J. Geol., 22: 
655-683. 
Bath, M . ,  1974. S p e c t r a l  a n a l y s i s  i n  geophysics.  Developments i n  s o l i d  
e a r t h  geophysics ,  no. 7. E l s e v i e r  s c i .  publ i sh ing  CO.,  
Amsterdam. 
Beaumont, C. ,  1978. The evolu t ion  of sedimentary bas ins  on a v i s c o e l a s t i c  
l i t hosphe re :  t heo ry  and examples. Geophys. J . R .  astr. SOC., 
55: 471-497. 
Beck, A.C. & Robertson, E.I., 1955. Geology and ~ e o p h y s i c s  - chap. 2. 
I n :  Geothermal steam f o r  power i n  New Zealand. 
N.Z.  Dept S c i .  Ind.  Res. Bu l l .  117: 15-19. 
Bhattacharyya, B.K. & Leu, L.K., 1975. Analys is  of  magnetic anomalies 
over  yel lowstone National  Park: mapping of  t h e  Curie-point  
i so thermal  s u r f a c e  f o r  geothermal reconnaissance. J. Geophys. 
Res. 80: 4461-4465. 
Bhattacharyya, B.K.,  1966. Continuous spectrum of t h e  t o t a l  magnetic f i e l d  
anomaly due t o  a r ec t angu la r  p r i s m a t i c  body. Geophysics 31: 97-121. 
Bi rch ,  F., 1960. The v e l o c i t y  of compressional waves i n  rocks  t o  
10 k i l o b a r s ,  p a r t  1. J. Geophys. Res. 65: 1083-1102. 
Birch,  F . ,  1961. The v e l o c i t y  of compressional waves i n  rocks  t o  
10 k i l o b a r s ,  p a r t  2. J. Geophys. Res. 66: 2199-2224. 
Black, D . I .  & S c h o l l a r ,  I., 1969. S p a t i a l  f i l t e r i n g  i n  t h e  wave v e c t o r  
domain. Geophysics 34: 916-923. 
Blank, H.R. ,  1965. Ash-flow depos i t s  of t h e  c e n t r a l  King Country, 
New Zealand. N.Z .  J. Geol. Geophys. 8 :  588-607. 
Bo t t ,  M.H.P., 1965. The upper mantle beneath I ce l and  - r e sea rch  note .  
Geophys. J. R. astr. SOC. 9:  275-277. 
Briggs,  N .D . ,  1976. Welding and c r y s t a l l i s a t i o n  zonat ion i n  Whakamaru 
Ignimbr i te ,  C e n t r a l  North I s l a n d ,  New Zealand. N.Z. J. Geol. 
Geophys . , 1 9  : 189-212. 
Brownrigg, R.D., 1978. Contour p l o t t i n g . o n  t h e  Burroughs B6700. 
V i c t o r i a  Un ive r s i t y  Computing Se rv i ces  Centre  Technical  no te  
no. 35, 4 p. 
Bruhn, R.L. & D a l z i e l ,  I .W.D. ,  1977. Des t ruc t ion  of t h e  e a r l y  Cretaceous 
marginal b a s i n  i n  t h e  Andes of  T i e r r a  d e l  Fuego. In :  I s l a n d  
a r c s ,  deep s e a  t r enches  and back-arc b a s i n s .  Maurice Ewing 
s e r i e s  1. M. Talwani & W.C. Pitman (eds.)  A.G.U. Washington: 395-406. 
Byerly,  P.E. & S t o l t ,  R.H., 1977. An a t t empt  t o  d e f i n e  t h e  Cur ie  p o i n t  
isotherm i n  no r the rn  and c e n t r a l  Arizona. Geophysics 42: 1394-1400. 
Cady, J . W . ,  1980. Ca lcu la t ion  o f  g r a v i t y  and magnetic anomalies of 
f i n i t e  l e n g t h  r i g h t  polygonal pr isms.  Geophysics 45: 1507-1512. 
Cady, J . W . ,  1977. Calculat ion of gravi ty  and maqnetic anomalies along 
p r o f i l e s  with end correc t ions  and inverse  p r o f i l e s  with end 
correc t ions  and inverse  so lu t ions  f o r  densi ty  and magnetisation. 
U.S .G.S . open-file r epor t  77-463. 
Calhaem, I . M . ,  1973. Heat flow measurements under some lakes  i n  t h e  
North Is land,  New Zealand. Ph.D t h e s i s ,  Vic tor ia  University 
of Wellington, New Zealand. 
Car te r ,  J . A .  & Cook, K.L., 1978. Regional gravi ty  and aeromagnetic 
surveys of t h e  Mineral Mountains and v i c i n i t y ,  Millard and 
Beaver counties,  Utah: Final  rep .  v.77-11, Uni. Utah: 177 pp. 
Chapman, M.E. & Talwani, M . ,  1982. Geoid anomalies over deep sea 
trenches.  Geophys. J . R .  a s t r .  SOC. 68: 349-369. 
Chase, C.G. ,  1973. P l a t e  kinematics: t h e  ~ m e r i c a s ,  East  Africa and 
t h e  r e s t  of t h e  world. Earth Planet.  S c i .  L e t t .  37: 355-368. 
Cheng, W.T., 1976. Geophysical s tud ies  of t h e  Tatun geothermal f i e l d ,  
Taiwan. In:  Volcanoes and Tectonosphere. H .  Aoki & S. I izuka (eds.) 
Tokai University Press: 309-320. 
Cochran, J.R. ,  1979. An ana lys i s  of i sos tasy  i n  t h e  world 's  oceans, 
2. Mid-ocean r idge  c r e s t s .  J. Geophys. Res. 84: 4713-4729. 
Cole, J . W . ,  1981. ~ e n e s i s  of lavas  of t h e  Taupo Volcanic Zone, North 
Is land,  New Zealand. J .  Volcanol. Geotherm. Res., 10: 317-337. 
Cole, J . W . ,  1979. St ructure ,  petrology and genesis  of Cenozoic volcanism, 
Taupo Volcanic Zone, New Zealand - a review. N.Z .  J .  Geol. 
Geophys., 22: 631-657. 
Cole, J.W., 1978. Andesites of t h e  Tongariro Volcanic Centre, North 
Is land,  New Zealand. J. Volcanol. Geotherm. Res., 3: 121-153. 
Cole, J . W .  & Lewis, K.B. ,  1981. Evolution of t h e  ~aupo-Hikurangi 
subduction system. Tectonophysics, 72: 1-21. 
Cook, K.L. ,  1962. The problem of t h e  mantle-crust mix: l a t e r a l  
inhomogeneity i n  t h e  uppermost p a r t  of t h e  e a r t h ' s  mantle. 
Advances i n  Geophysics, 9: 296-371. 
Cordell ,  L.  1973. Gravity ana lys i s  using an exponential density-depth 
function - San Jacinto Graben, Cal i fornia .  Geophysics, 38: 684-690. 
Cowan, M. & Hatherton, T .  1968. Gravity surveys i n  Wellington and 
Hutt  Valley. N.Z .  J. Geol. Geophys., 11: 1-15. 
Daley, R.A., Manger, G.E.  & Clark,  S.P., 1966. Density of rocks. 
In: Handbook of physica l  constants .  S .P. Clark (ed.)  
Geol. Soc. Am. Memoir 97; 19-26. 
Dalz i e l ,  I .W.D . ,  De w i t ,  M.J. & palmer, K.F., 1974. F o s s i l  marginal  
b a s i n  i n  t h e  southern  Andes. Nature,  20: 291-294. 
Davey, F.J. & Robinson, A.G.  1978. Cook (1st ed.) . Magnetic t o t a l  
f o r c e  anomaly map, oceanic  s e r i e s ,  1:l 000 000. Dept S c i .  I ndus t .  
Res., Well ington,  New Zealand. 
Davies, G.F., 1981. ~ e g i o n a l  compensation o f  subducted l i t h o s p h e r e :  
e f f e c t s  on geoid,  g r a v i t y  and topography from a pre l iminary  model. 
Ear th  P l ane t .  S c i .  L e t t . ,  54: 431-441. 
De W i t ,  M . J . ,  S t e r n ,  C.R. 1981. Var i a t ions  i n  t h e  degree of  c r u s t a l  
ex tens ion  dur ing  formation o f  a back-arc bas in .  Tectonophysics,  
72: 229-260. 
Dibble,  R.R., 1964. A p o r t a b l e  slow motion magnetic t ape  r eco rde r  f o r  
geophysical  purposes.  N . Z .  J. Geol. Geophys., 7: 445-465. 
Dibble,  R.R. & Suggate,  R.P., 1956. Gravi ty survey f o r  p o s s i b l e  o i l  
s t r u c t u r e s ,  Kotuku-Ahaura d i s t r i c t ,  North Westland. N.Z.  J. S c i .  
Technol., 38B: 571-586. 
Dickinson, W.R. & Hatherton,  T. 1967. Andes i t i c  volcanism and s e i s m i c i t y  
around t h e  p a c i f i c .  Science,  157: 800-803. 
Dobrin, M.B., 1976. In t roduc t ion  t o  geophysical  prospec t ing .  3rd e d i t i o n  
McGraw-Hill . 630 p .  
Eiby, G.A. ,  1977. The junc t ion  of t h e  main New Zealand and Kermadec 
seismic r eg ions .  I n t e r n a t i o n a l  symposium on geodynamics i n  t h e  
SW P a c i f i c ,  Noumea, Sept .  1976, Ed i t i ons  Technip, P a r i s ,  1977: 
167-178. 
Eiby, G.A.,  1971. Seismic reg ions  of  New Zealand. I n :  B .W. C o l l i n s  & 
g .  Frase r  (eds  . ) , Recent C r u s t a l  Movements, N .Z . Roy . Soc. B u l l . ,  
9: 153-160. 
Eiby, G.A., 1968. Reply t o  R.A. G a r r i c k ' s  l e t t e r .  N .Z .  J. Geol. Geophys. 
11: 1295. 
Eiby, G.A. ,  1964. The New Zealand sub -c rus t a l  r i f t .  N .Z .  J. Geol. 
Geophys., 7: 109-133. 
Eiby; G.A.,1957. C r u s t a l  S t r u c t u r e  P r o j e c t .  Geophys. Mem. N.Z.  No.5, 
40 pp, DSIR, Wellington. 
Elders ,  W.A., Rex, R.W., Meidav, T., Robinson, P.T. & Bieh le r ,  S. ,  
1972. C r u s t a l  spreading i n  southern  C a l i f o r n i a .  Sc ience ,  178: 
15-24. 
Evison, F.F., 1968. Act ive  reg ions  of  t h e  southwest p a c i f i c .  Can. J. 
Ear th  Sc i . ,  5: 1045-1049. 
Evison, F. F., Robinson, R. & Arabasz, W. J., 1976. Microearthquakes, 
geothermal activity and structure, central North Island, New 
Zealand. N.Z. J. Geol. Geophys., 19: 625-637. 
Ewart, A. & Cole, J.W., 1967. Textural and mineralogical significance 
of the granitic xenoliths from the Central Volcanic Region, 
North Island, New Zealand. N.Z. J. Geol. Geophys., 10: 31-54. 
Ewart, A., Hildreth, W. & Carmichael, I.S.E., 1975. Quaternary acid 
magma in New Zealand. Contrib. Mineral. Petrol. 51: 1-27. 
Ewart, A. & Stipp, J.J., 1968. Petrogenesis of the volcanic rocks 
of the central North Island, New Zealand, as indicated by a 
study of ~ r ~ ~ / ~ r ~ ~  ratios and Sr, Rb, K, U, and Th abundances, 
Geochim. et Cosmochim. Acta, 32: 699-735. 
Fairhead, J.D. 1976. The structure of the lithosphere beneath the 
eastern Rift, East Africa, deduced from gravity studies. 
Tectonophysics, 30: 269-298. 
Ferguson, S.R., Hochstein, M.P. & Kibblewhite, A.C., 1980. Seismic 
refraction studies in the northern Hauraki Gulf, New Zealand. 
N.Z. J. Geol. Geophys., 23: 17-25. 
Gardner, G.H.F., Gardner, L.W. & Gregory, A.R., 1974. Formation 
velocity and density - the diagnostic basics for stratigraphic 
traps. Geophysics, 39: 770-780. 
Garrick, R.A., 1969. Some physical properties of rocks in the East Cape- 
Mahia Peninsula region, North Island, New Zealand. 
N.Z. J. Geol. Geophys., 12: 738-760. 
Garrick, R.A., 1968. A reinterpretation of the Wellington crustal 
refraction profile (Letter). N.Z. J. Geol. Geophys., 11: 1280-1294. 
Geertsma, J., 1961. Velocity-log interpretation: the effect of rock 
bulk compressibility. Transactions of the American Institute 
of Mining Engineers, 222: 235-246. 
Gerard, V.B. & Lawrie, J.A. 1955. Aeromagnetic surveys in New Zealand. 
1949-1952. DSIR ~eophysical Memoir 3. 
Golizdra, G.Y., 1978a. Combination of gravimetric and seismic methods. 
Bull. (Izv.) Acad. Sci. USSR. - Physics of the solid earth 
(english edition), 4: 404-412. 
Golizdra, G.Y., 1978b. On making qualitative estimates of isostasy 
for plain regions. Bull. (Izv.) Acad. Sci. USSR. - Physics of 
the solid earth (english edition), 11: 775-783. 
Grant, F.S. & West, G.F. 1965. Interpretation theory in applied 
geophysics. McGraw-Hill, New York. 583 pp. 
Green, A.G. 1976. Interpretation of project MAGNET aeromagnetic 
profiles across Africa. Geophys. J. R. astr. SOC., 44: 203-228. 
Green, A.G. 1972. Magnetic profile analysis. Geophys. J.R. astr. SOC., 
30: 393-402. 
Gregg, D.R., 1964. The term "Taupo Volcanic Zone". N.Z. J. Geol. 
Geophys., 7: 397. 
Griggs, D. 1972. The sinking lithosphere and the focal mechanism of 
deep earthquakes. In: The Nature of the Solid Earth. 
E.C. Robertson (ed.), ~c~raw-Hill: 361-384. 
Grindley, G.W. 1960. ~eological map of New Zealand, 1:250 000, sheet 8, 
Taupo. 1st Ed. N.Z.D.S.I.R., Wellington. 
Grindley, G.W., 1965. The geology structure and exploitation of the 
Wairakei Geothermal Field, Taupo, New Zealand. N.Z. Geol. Survey 
Bull., n.s.75. 
Grow, J.A., 1973. Crustal and upper mantle structure of the central 
Aleutian arc. Geol. Soc. Am. Bull., 84: 2169-2192. 
Gunn, R.A., 1943. A quantitative evaluation of the influence of the 
lithosphere on anomalies of gravity. J. Franklin Inst., 236: 47-65. 
Gupta, V.K. & Ramani, N., 1980. Some aspects of regional-residual 
separation of gravity anomalies in a Precambrian terrain. 
Geophysics, 45: 1412-1426. 
Hagedoorn, J.G., 1959. The plus-minus method of interpreting seismic 
refraction surveys. Geophys. Prospect, 7: 158-182. 
Haines, A.J., 1979. Seismic wave velocities in the uppermost mantle 
beneath New Zealand. N.Z. J. Geol. Geophys., 22: 245-257. 
Hanks, T.C. & Raleigh, C.B., 1980. The conference on magnitude of 
deviatoric stresses in the earth's crust and uppermost mantle. 
J. Geophys. Res., 85: 6083-6085. 
Hanks, T.C., 1971. The Kuril trench-Hokkaido rise system: large 
shallow earthquakes and simple models of deformation. 
Geophys. J.R. astr. SOC. 23: 173-189. 
Hatherton, T., 1974. Basement surface west of Lake Taupo. Dept Sci. 
Ind. Res. Geophys. Div. Report no. 40. 
Hatherton, T. 1970. Upper mantle inhomogeneity beneath New Zealand: 
surface manifestations. J. Geophys. Res., 75: 269-284. 
Hatherton, T., 1969a. Gravity and seismicity of asymmetric active 
regions. Nature, 221: 353-355. 
Hatherton, T., 1969b. The geophysical significance of calc-alkaline 
andesites in New Zealand. N.Z. J. Geol. Geophys. 12: 436-459. 
Hatherton, T., 1969c. Similarity of gravity anomaly patterns in 
asymmetric active regions. Nature 224: 357-358. 
Hatherton, T. 1966. A geophysical study of the Southland syncline. 
N.Z. Dep. Sci. Ind. Res. Bull. 168. 
Hatherton, T., MacDonald, W.J.P. & Thompson, G.E.K., 1966. Geophysical 
methods in geothermal prospecting in New Zealand. 
Bull. volcanol., 29: 485-498. 
Hatherton, T. & Leopard, A.E. 1964. The densities of New Zealand 
rocks. N.Z. J. Geol. Geophys., 7: 605-614. 
Hatherton, T. 1952. Gravity profiles across the Canterbury Plains. 
N.Z. J. Sci. Technol., B34: 13-20. 
Healy, J., Schofield, J.C. & Thompson, B.N. 1964. Geological map of 
New Zealand 1:250 000, sheet 5 Rotorua 1st Ed. N.Z. D.S.I.R., 
Wellington. 
Healy, J., 1964. volcanic mechanisms in the Taupo Volcanic Zone. 
N.Z. J. Geol. Geophys., 7: 6-23. 
Healy, J., 1962. Structure and volcanism in the Taupo Volcanic Zone 
New Zealand. In: Crust of the Pacific Basin. Am. Geophys. 
Union Geophys. Monogr., 6: 151-157. 
Heiskanen, W.A. & Vening Meinesz, F.A., 1958. The Earth and its 
Gravity Field. McGraw-Hill, New York. 470 pp. 
Heming, R.F., 1979. A magmatic heat source for the Ngawha geothermal 
field. In: Proceedings of the New Zealand geothermal workshop, 
1979, part 1. Univ. Auckland Geoth. Inst; 30-43. 
Hilde, T.W.C. & Wageman, J.M. 1973. Structure and origin of the Japan 
Sea. In: The Western Pacific: Island Arcs, Marginal Seas, 
Geochemistry. P.J. Coleman (ed.). Uni. West Australia Press: 415-434. 
Hochstein, M.P., 1976. Taupo Volcanic Zone: Geophysical features and 
structure. In: Volcanic and Geothermal Geology of the Central 
North Island, New Zealand. Excursion Guide no. 55A & 56A. 
25th International ~eological Congress. S. Nathan (ed.): 14-16. 
Hochstein, M.P. & Nixon, I.M., 1979. Geophysical study of the Hauraki 
depression, North Island, New Zealand. N.Z. J. Geol. Geophys., 
22: 1-20. 
Hochstein, M.P. & Hunt, T.M., 1970. Seismic gravity and magnetic 
studies, Broadlands geothermal field, New Zealand. Geothermics, 
special issue 2: 333-346. 
Horvath, F., Berckhemer, H. & Stegena, L., 1981. Models of 
Mediterranean back-arc basin formation. Phil. Trans. R. Soc. 
Lond. A300: 383-402. 
Horvath, F., Stegena, L. & Geczy, B., 1975. Ensimatic and ensialic 
interarc basins: comments on "~eogene Carpathian arc: a 
continental arc displaying the features of an island arc" 
by M. D. Bleahu et al., J. Geophys. Res., 80: 281-283. 
Hunt, T.M., 1980. Basement structure of the Wanganui Basin, onshore, 
interpreted from gravity data. N.Z. J. Geol. Geophys., 23: 1-16. 
Hunt, T. M., 1978. Stokes Magnetic Anomaly System. N.Z. J. Geol. Geophys., 
21: 595-606. 
Hurst, A.W., 1975. Magnetic effects in volcanic regions. Ph.D thesis, 
Victoria University of Wellington, New Zealand. 
Jaeger, J.C., 1968. Cooling and solidification of igneous rocks. 
In: Basalts, vol. 2. H. H. Hess & A. Poldervaart (eds.): 
503-536. Interscience, New York. 
Jeffreys, H., 1976. The Earth (Sixth ed.). Cambridge university 
Press, London. 
Kanamori, H. & Press, F. 1970. How thick is the lithosphere? 
Nature, 226: 330-331. 
Karig, D.E., 1974. Evolution of arc systems in the western Pacific. 
Earth & Planet. Sci., 2: 51-76. 
Karig, D.E., 1971. Origin and development of marginal basins in 
the western Pacific. J. Geophys. Res., 76: 2542-61. 
Karig, D.E., 1970. Kermadec arc-New Zealand tectonic confluence. 
N.Z. J. Geol. Geophys., 13: 21-29. 
Karig, D.E. & Jensky, W., 1972. The proto-gulf of California. 
Earth Planet. Sci. Lett., 17: 169-174. 
Kohn, B. P., 1973. Some studies of New Zealand Quaternary pyroclastic 
rocks. Ph.D thesis, Victoria University of Wellington, New Zealand. 
Lachenbruch, A.H., Sass, J.H., Munroe, R.J. & Moses, T.H., 1976. 
Geothermal setting and simple heat conduction models for Long 
Valley Caldera. J. Geophys. Res., 81: 769-784. 
Lambeck, K., 1972. Gravity anomalies over ocean ridges. Geophys. J.R. 
astr. Soc., 30: 37-53. 
Latter, J.H., 1979. Volcanological observations at Tongariro National 
Park. 2. Types and classification of volcanic earthquakes, 
1976-1978. Geophysics Division report no. 150. Dept Sci. Indus. 
Res. Wellington, New Zealand. 
Lawrence, P., 1967. New Zealand Region; Bathymetry 1:6 000 000, 
N.Z. Oceanogr. Inst. Chart, Miscellaneous series 15. 
Lawver, L.A. & Hawkins, J.W., 1978. Diffuse magnetic anomalies in 
marginal basins: their possible tectonic and petrological 
significance. Tectonophysics, 45: 323-339. 
Lensen, G.J., 1977. Late Quaternary tectonic map of New Zealand. 
1:2 000 000 (1st ed.) N.Z. Geol. sur. Miscellaneous series map 12. 
Dept Sci. Indus. Res., Wellington, New Zealand. 
Malahoff, A. ,  1968. Origin of magnetic anomalies over the Central 
Volcanic Region of New Zealand. Am. Geophys. Union, Geophys. 
Monograph, 12: 218-240. 
Martin, R.C., 1965. Lithology and eruptive history of the Whakamaru 
ignimbrites in the Maraetai area of the Taupo Volcanic Zone, 
New Zealand. N.Z. J. Geol. Geophys. 8: 680-701. 
Martin, R.C., 1961. Stratigraphy and structural outline of the 
Taupo Volcanic Zone. N.Z. J. Geol. Geophys. 4: 449-478. 
Mavko, G. & Nur, A. 1975. Melt squirt in the asthenosphere. 
J. Geophys. Res., 80: 1444-1448. 
Midha, R. K., 1979. Geoelectromagnetic induction studies in the North 
Island Volcanic Region, New Zealand. Ph.D thesis, Victoria 
University of Wellington, New Zealand. 
Minear, J .W. & ~oksgz, M.N., 1970. Thermal regime of a downgoing slab 
and the new global tectonics. J. Geophys. Res., 75: 1397-1419. 
McKenzie, D. P., 1978. Active tectonics of the Alpine-Himalayan belt: 
the Aegean Sea and surrounding areas. Geophys. J.R. astr. Soc., 
55: 217-254. 
McKenzie, D. P., 1969. Speculation on the consequences and causes of 
plate motions. Geophys. J.R. astr. Soc., 18: 1-32. 
McKenzie, D.P., 1967. Some remarks on heat flow and gravity anomalies. 
J. Geophys. Res., 72: 6261-6273. 
McNutt, M. K., 1980. Implications of regional gravity for the state 
of stress in the earth's crust and upper mantle. J. Geophys. Res., 
85: 6377-6396. 
Modriniak, N. & Studt, F.E., 1959. Geological structure and volcanism 
of the Taupo-Tarawera district. N.Z. J. Geol. Geophys., 2: 654-684. 
Mooney, H. M-, 1970. Upper mantle inhomogeneity beneath New Zealand: 
seismic evidence. J. Geophys. Res. 75: 285-309. 
Mota, L., 1954. Determination of dip and depths of geological layers 
by the seismic refraction method. Geophysics, 19: 242-254. 
Murase, T. & McBirney, A.R., 1973. Properties of some common igneous 
rocks and their melts at high temperatures. Geol. Soc. Am. Bull., 
84: 3563-3592. 
Nagata, T. 1961. Rock magnetism. Maruzen, Tokyo. 
Naidu, P.S., 1970a. Statistical structure of the aeromagnetic field. 
Geophysics, 35 : 279-292. 
Naidu, P.S., 1970b. Fourier transformation of a large scale aeromagnetic 
field using a modified version of the Fast Fourier transformation. 
Pure appl. Geophys., 81: 17-25. 
~ a i d u ,  P.S., 1968. Spectrum of t h e  p o t e n t i a l  f i e l d  due t o  randomly 
d i s t r i b u t e d  sources. Geophysics, 33: 337-345. 
Nathan, S., 1976. Taupo Volcanic Zone. In: Volcanic and geothermal 
geology of t h e  c e n t r a l  North Is land,  New Zealand, Excursion 
guide no. 55A and 56A, 25th In te rna t iona l  Geological Congress: 
10-12. 
Nikhely, A.H. & Davies, T.V., 1980. Comment on "Magnetic p r o f i l e  
ana lys i s "  by Green (1972). Geophys. J . R .  a s t r .  Soc., 62: 723. 
New Zealand Geological Survey, 1972. North Is land (1st e d . ) ,  Geological 
map of New Zealand 1:l 000 000. Dept Sc i .  Indus. ReS., Wellington, 
New Zealand. 
Odegard, M.E. & Berg, J . W . ,  1965. Gravity i n t e r p r e t a t i o n  using t h e  
Fourier  i n t e g r a l .  Geophysics, 30: 424-438. 
Oppenheim, A.V. & Schafer,  R.W., 1975. D i g i t a l  s i g n a l  processing: 
New York, Prentice-Hall,  Inc.  
Pakiser ,  L.C., 1963. S t ruc tu re  of  t h e  c r u s t  and upper mantle i n  the  
western United S ta tes .  J. Geophys. Res., 68: 5747-5756. 
Pal ,  P.C., Khurana, K.K. & Unnikrishnan, P. ,  1978. Two examples 
of t h e  s p e c t r a l  approach t o  source depth est imation i n  g rav i ty  
and magnetics. Pure appl .  Geophys., 17: 772-783. 
Palmason, G. & Saemundsson, K., 1974. Iceland i n  r e l a t i o n  t o  t h e  
mid-Atlantic r idge.  Ann. Rev. Earth Planet .  Sc i . ,  2: 25-50. 
Pandey, O.P., 1981a. T e r r e s t r i a l  hea t  flow i n  t h e  North Is land of 
New Zealand. J. Volc. Geoth. Res., 10: 309-316. 
Pandey, O.P., 1981b. T e r r e s t r i a l  h e a t  flow i n  New Zealand. Ph.D t h e s i s ,  
V ic to r i a  Universi ty of Wellington, New Zealand. 
Pankratz, L.W. & Ackermann, H.D. ,  1982. S t ruc tu re  along t h e  northwest 
edge of t h e  Snake River P l a i n  in te rp re ted  from s e i s m i c  
r e f r a c t i o n .  J. Geophys. Res., 87: 2676-2682. 
Pedersen, L.B.,1978. A s t a t i s t i c a l  ana lys i s  of p o t e n t i a l  f i e l d  da ta  
using a c i r c u l a r  cyl inder and a dike.  Geophysics, 43: 943-953. 
Pe te r s ,  L . J . ,  1949. The d i r e c t  approach t o  magnetic i n t e r p r e t a t i o n  
and i t s  p r a c t i c a l  app l i ca t ions .  Geophysics, 14: 290-320. 
Pollack,  H.N. & Chapman, D.S., 1977. On t h e  regional  v a r i a t i o n s  of 
hea t  flow, geotherms and l i thosphere  thickness.  Tectonophysics, 
38: 279-296. 
Press,  F., 1966. Seismic v e l o c i t i e s .  In: Handbook of  physica l  
cons tants .  S.P. Clark (ed.) . Geol. Soc. Am. Memoir, 9; 195-218. 
Reid, F., 1982. The o r i g i n  of r h y o l i t i c  rocks of t h e  Taupo Volcanic 
Zone, New Zealand from t r a c e  element abundances. ( I n  p r e s s ) .  
J. Volc. Geoth. Res. 
Rei l ly ,  W . I . ,  1978. Gravity anomalies. In:  The geology of New 
Zealand. R. P. Suggate, G.  R. Stevens & M. T. Te Punga 
(eds) . Government Pr in te r ,  Wellington. 2 vo l s ,  820 pp.: 18-25. 
Re i l ly ,  W . I . ,  1972. New Zealand gravi ty  map s e r i e s .  N.Z.  J .  Geol. 
Geophys., 15: 3-15. 
Re i l ly ,  W . I . ,  1962. Gravity and c r u s t a l  th ickness  i n  New Zealand. 
N . Z .  J. Geol. Geophys., 5: 228-233. 
Rei l ly ,  W . I . ,  Whiteford, C.M. & Doone, A . ,  1977. North Is land 
(1st e d . ) .  Gravity map of New Zealand 1:l 000 000 Bouguer 
and i s o s t a t i c  anomalies. Dept S c i .  Indus. Res., Wellington, 
New Zealand. 
Reyners, M.E., 1978. A microearthquake study of the  p l a t e  boundary, 
North Is land,  New Zealand. Ph.D t h e s i s ,  Vic tor ia  Universi ty 
of Wellington, New Zealand. 
Robertson, E . I .  & Rei l ly ,  W . I . ,  1960. The New Zealand primary g rav i ty  
network. N.Z.  J. Geol. Geophys., 3: 41-68. 
Robertson, E . I .  & Rei l ly ,  W . I . ,  1958. Bouguer anomaly map of 
New Zealand. N.Z .  J. Geol. Geophys., 1: 560-564. 
Robinson, R.,  Smith, E.G.C. & Lat te r ,  J . H . ,  1981. Seismic s tud ies  
of t h e  c r u s t  under t h e  hydrothermal a reas  of t h e  Taupo 
Volcanic Zone, New Zealand. J. Volc. Geoth. Res., 9: 253-267. 
Rogan, A.M., 1980. Geophysical s tud ies  of t h e  Okataina Volcanic 
Centre. Ph.D t h e s i s ,  Untversi ty of Auckland, New Zealand. 
Sager, W.W.,  1980. Mariana Arc s t r u c t u r e  in fe r red  from gravi ty  and 
seismic data .  J. Geophys. Res., 85: 5382-5388. 
Scholz, C.H. ,  Barazangi, M. & Sbar, M.L., 1971. Late Cenozoic 
evolution of t h e  Great Basin, western United S ta tes ,  a s  
an e n s i a l i c  i n t e r a r c  basin.  Geol. Soc. Am. ~ u l l . ,  82: 
2979-2990. 
S c l a t e r ,  J . G . ,  1972. Heat flow and e leva t ion  of t h e  marginal bas ins  
of t h e  western Pac i f i c .  J. Geophys. Res., 77: 5705-5719. 
Shuey, R.T., Schel l inger ,  D.K. ,  Tripp, A.C. & Alley,  L .B. ,  1977. 
Curie depth determination from aeromagnetic spect ra .  
Geophys. J . R .  a s t r ,  Soc., 50: 79-102. 
Shuey, R.T. & Pasquale, A.S., 1973. End cor rec t ions  i n  magnetic 
p r o f i l e  i n t e r p r e t a t i o n .  Geophysics, 38: 507-512. 
Sibuet ,  J . C .  & Le Pichon, X. ,  1974. Thickness of t h e  l i thosphere  
deduced from grav i ty  edge e f f e c t s  across  t h e  Mendocina 
f a u l t .  Nature, 252: 676-678. 
Simmons, G . ,  1964. Velocity of compressional waves i n  various minerals  
a t  pressures  t o  10 ki lobars .  J. Geophys, Res., 69: 1117-1121. 
Sissons,  B.A. & Dibble, R.R., 1981. A seismic r e f r a c t i o n  experiment 
southeast  of Ruapehu volcano. N.Z.  J. Geol. Geophys., 24: 
31-38. 
Sissons,  B.A., 1980. The hor izonta l  kinematics of t h e  North Is land 
of New Zealand. Ph.D t h e s i s ,  Vic tor ia  Universi ty of 
Wellington, New Zealand. 
Smith, J.H.,  1970. Geothermal development i n  New Zealand. 
Geothermics, spec ia l  i s sue  2: 232-247. 
Smith, R.S., Shuey, R.T.,  rei id line, R.O. ,  O t i s ,  R.M. & Alley, L . G . ,  
1974. Yellowstone hot  spot:  new magnetic and seismic 
evidence. Geology, 2: 451-455. 
Spar l in ,  M.A., Bra i l e ,  L.W. & Smith, R.B., 1982. Crustal  s t r u c t u r e  
of t h e  eas te rn  Snake River P la in  determined from ray t r a c i n g  
modelling of seismic r e f r a c t i o n  data.  J. Geophys. Res., 
87: 2619-2633. 
Spector, A .  & Grant, F.S., 1970. S t a t i s t i c a l  models f o r  i n t e r p r e t i n g  
aeromagnetic data .  Geophysics, 35: 293-302. 
Spector, A . ,  1968. Spect ra l  ana lys i s  of aeromagnetic data .  Ph.D t h e s i s ,  
University of Toronto, Toronto, Ontario, Canada. 
Spense, W . ,  1977. The Aleutian arc :  t ec ton ic  blocks episodic 
subduction, s t r a i n  d i f fus ion  and magma generation. 
J. Geophys. Res., 82: 213-230. 
S te inhar t ,  J.S. & Meyer, R.P., 1961. Minimum s t a t i s t i c a l  uncer ta in ty  
of t h e  seismic r e f r a c t i o n  p r o f i l e .  Geophysics, 26: 574-587. 
Stern ,  T.A., 1979. Regional and r e s i d u a l  g rav i ty  f i e l d s ,  c e n t r a l  
North I s l and ,  New Zealand. N.Z .  J. Geol. Geophys., 22: 
479-485. 
Studt ,  F.E. & Thompson, G.E.K.,  1969. Geothermal heat  flow i n  t h e  
North Is land of New Zealand, N.Z. J .  Geol. Geophys., 12: 
673-683. 
Studt ,  F.E., 1959. Magnetic survey of t h e  Flairakei hydrothermal 
f i e l d .  N . Z .  Geol. Geophys., 2: 746-754. 
S tud t ,  F.E., 1958. Geophysical reconnaissance a t  Kawerau, New Zealand. 
N.Z. J. Geol. Geophys., 1: 219-246. 
Syberg, F.J.R., 1972. A Fourier  method f o r  t h e  regional-residual  
problem of p o t e n t i a l  f i e l d s .  Geophys. prospecting, 20: 47-75. 
Suggate, R.P., 1978. The Kaikoura orogeny. In:  The Geology of New 
Zealand, chapter  10. R.P. Suggate, G.R. Stevens, 
M.T. T e  Punga (eds) . Government p r i n t e r ,  Wellington. 
2 vols .  820 pp. 
Talwani, M - ,  Le Pichon, X.  & Ewing, M - ,  1965. C r u s t a l  s t r u c t u r e  of 
t h e  mid-ocean r i d g e s .  2. Computed models from g r a v i t y  and 
seismic r e f r a c t i o n  d a t a .  J .  Geophys. Res., 70: 341-352. 
Talwani, M. & Ewing, M . ,  1960. Rapid computation o f  t h e  g r a v i t a t i o n a l  
a t t r a c t i o n  of  three-dimensional bodies  of a r b i t r a r y  shape. 
Geophysics, 25: 203-225. 
Tarney, J. & Windley, B.F., 1981. Marginal bas ins  through geologica l  
t ime.  P h i l .  Trans. R. Soc. Lond., A301: 217-232. 
Te l fo rd ,  W.M.,  Ge ldar t ,  L.P., S h e r i f f ,  R.E., Keys, D.A. 1976. 
~ p p l i e d  Geophysics. Cambridge Univers i ty  P r e s s ,  Great B r i t a i n .  
Thompson, A.A. & Evison, F.F., 1962. Thickness of  t h e  e a r t h ' s  c r u s t  
i n  New Zealand. N.Z.  J. Geol. Geophys., 5: 29-45. 
Thompson, B.N., 1964. Quaternary volcanism of t h e  C e n t r a l  Volcanic 
Region. N.Z .  J. Geol. Geophys., 7: 45-66. 
Thompson, G.A. & Burke, D.B., 1974. Regional geophysics of t h e  
Basin and Range Province. Ann. Rev. Ear th  P l a n e t .  S c i . ,  2: 
213-238. 
Thompson, G.E.K., 1977. Temperature g rad ien t s  w i t h i n  and ad jacent  
t o  t h e  North I s l a n d  vo lcan ic  b e l t .  N . Z .  J .  Geol. Geophys., 
20: 85-97. 
~ o k s E z ,  M.N. & Bird,  P., 1977. Formation and evo lu t ion  of  marginal 
b a s i n s  and c o n t i n e n t a l  p l a t eaus .  In :  I s l a n d  Arcs,  Deep 
Sea Trenches and Back-Arc Basins.  M.  Talwani & W.C. Pitman 
( e d s ) .  Am. Geophys. Un., Maurice Ewing s e r i e s  1: 379-394. 
Turco t t e ,  D.L. ,  1979. F lexure .  Advances i n  ~ e o p h y s i c s ,  21: 51-84. 
Uyeda, S., 1977. Some b a s i c  problems i n  t h e  trench-arc-back-arc 
system. I n :  I s l a n d  A r c s ,  Deep Sea Trenches and Back-Arc 
Basins .  M. Talwani & W .  C .  pitman ( e d s ) .  Am. Geophys. Un. 
Maurice Ewing s e r i e s  1: 1-14. 
Walcot t ,  R . I . ,  1978. Tec tonics  and l a t e  Cenozoic evo lu t ion  o f  New 
Zealand. Geophys. J . R .  a s t r .  Soc., 52: 137-164. 
Walcot t ,  R.I . ,  1970. F l exura l  r i g i d i t y ,  t h i ckness ,  and v i s c o s i t y  
of  t h e  l i t hosphe re .  J. Geophys. Res., 75: 3941-3954. 
W a t t s ,  A .B. ,  Bodine, J . H . ,  S t e c k l e r ,  M.S., 1980. Observat ions of 
f l e x u r e  and t h e  s t a t e  o f  s t r e s s  i n  t h e  oceanic  l i t hosphe re .  
J. Geophys. Res., 85: 6369-6376. 
W a t t s ,  A.B. & Talwani, M.,1975. Gravi ty  e f f e c t  of  downgoing l i t h o s p h e r i c  
s l a b s  beneath i s l a n d  a r c s .  Geol. Soc. Am. B u l l . ,  86: 1-4. 
Watts, A.B. & Talwani, M. 1974. Gravity anomalies seaward of deep- 
sea trenches and their tectonic implications. Geophys. J.R. 
astr. Soc., 36: 57-90. 
Wellman, H.W., 1956. Structural outline of New Zealand. 
N.Z. Geol. Sur. Bull. 121, N.Z. Dept Sci. Ind. Res., Wellington. 
Whiteford, C.M., 1976. ~aqnetic anomaly map of the Central Volcanic 
Region. Rep. no. 101. Geophysics Division, Dept Sci. Ind. 
Res., Wellington, New Zealand. 
Whiteford, C.M. & Lumb, J.T., 1975. A catalogue of physical properties 
of rocks: listing by catalogue number, volume 1. 
Geophys. Div. Rep. no. 105, 
Woodward, D.J. & Ferry, L.M., 1974. Gravity map of New Zealand. 
1:250 000 sheet 8, Taupo, isostatic anomalies. Dept. Sci. 
Ind. Res., Wellington. 
Woodward, D.J. & Ferry, L.M., 1973. Gravity map of New Zealand. 
1:250 000 sheet 5, Rotorua, isostatic anomalies. Dept Sci. 
Ind. Res., Wellington. 
Woollard, G.P., 1970. Evaluation of the isostatic mechanism and role 
of mineraloqic transformations from seismic and gravity data. 
Phys. Earth Planet. Int., 3: 484-498. 
Woollard, G.P., 1959. Crustal structure from gravity and seismic 
measurements. J. Geophys. Res., 64: 1521-1543. 
Zorin, Y.A., 1981. The Baikal Rift: an example of the intrusion of 
asthenospheric material into the lithosphere as the cause 
of disruption of lithospheric plates. Tectonophysics, 73: 
91-104. 
Additional References: 
Kear, D., 1959. Stratigraphy of New Zealand's Cenozoic volcanism 
northwest of the volcanic belt. N.Z. J. Geol. Geophys., 2: 
578.-589. 
Ringwood, A.E., 1977. ~etrogenesis in Island Arc systems. In: Island 
Arcs, Deep Sea Trenches and Back-Arc Basins. M. Talwani & 
W.C. Pitman (eds). Am. Geophys. Un., ~aurice  wing series 1: 311-324. 
Tovish, A,, Schubert, G. & Luyendyk, B.P., 1978. Mantle flow pressure 
and the angle of subduction: non-Newtonian corner flows. 
J. Geophys. Res., 83: 5892-5898. 
